Evaluation of Groundwater Monitoring Data at the Madison Infiltration-Percolation Wastewater System by Choi, Byung-Chun
South Dakota State University 
Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange 
Electronic Theses and Dissertations 
1988 
Evaluation of Groundwater Monitoring Data at the Madison 
Infiltration-Percolation Wastewater System 
Byung-Chun Choi 
Follow this and additional works at: https://openprairie.sdstate.edu/etd 
Recommended Citation 
Choi, Byung-Chun, "Evaluation of Groundwater Monitoring Data at the Madison Infiltration-Percolation 
Wastewater System" (1988). Electronic Theses and Dissertations. 4496. 
https://openprairie.sdstate.edu/etd/4496 
This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research 
Access Institutional Repository and Information Exchange. It has been accepted for inclusion in Electronic Theses 
and Dissertations by an authorized administrator of Open PRAIRIE: Open Public Research Access Institutional 
Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu. 
EVALUAT I ON O F  G RO U N DWATE R MO N I TO R I N G  DATA AT THE 
MAD I SO N  I NF I LT RA T I O N-P ERCOLAT I ON WASTEWATER SYSTEM 
BY. 
BYUNG - C HUN C H O I  
A thesis submitted in partial fulfillment 
of the require�ents for the degree 
Master of Science 
Major in civil engineering 
South Dakota State University 
1988 
Hll TON M. BRIGGS LIBRARY 
South Dakota State University 
Rrnnitinf'ICio -�n f\7007-1QgR 
EVALUAT I ON O F  G ROUNDWATE R MON I TO R I NG DATA AT THE 
MAD I SON I N F I LTRA T I ON- P E RCOLA T I ON WASTEWATE R SYSTEM 
T h i s  t h es i s  i s  a p p roved as a c red i ta b l e  a n d  i n dependent  
i n vest i gat ion  b y  a ca n d i date fo r t h e  d eg ree , M a ste r of  Sc i e n ce a nd i s  
acceptab l e  fo r meeti n g  t h e  t h es i s  req u i r�m e n ts fo r t h i s  �eg ree. 
Accepta n ce of t h i s  p a p e r  does not i m p l y  t h at . t h e  co n c l u s io n s  rea c h ed 
by t h e  ca n d i date a re n eces sa r i l y  t h e  co n c l u s io n s  of t h e  majo r  
depa rtme n t . 
Dr .. James N. Dornbush 
Thesis Advisor 
Dr. �wayne A. Rolla(/ 




ACKN OWLED G EMENTS 
I h o n est l y t h a n k Dr. Ja mes N .  Do rn b u s h ,  my t h es i s  adv i so r, 
w h o  p rov i ded e x ce l l en t  g u i d a n ce, e n cou ragement,  a n d  a g reat dea l of 
h i s  t i me fo r a s s i sta n ce i .n com p l et ion  of th js stu d y. · If i t  we re not fo r 
h i s  h e l p, t h e  com p l et ion  of th i s  paper  m i g ht  h a ve not been p os s i b l e. "  
I a l so e x p re s s  my a p p rec i atjon t o  ·or. Dwa y n e  A. Ro l l ag a n d  oth e r  
p rofes sors  a t  So u t h · Da kota State Un i v e rs ity w h o  offe red exce l l en t  
l ect u res a n d h e l ped me. 
My s i n ce re g rat i t u de is ex t�n ded to a l l  my f r i en d s ·  fo r thei r 
f r i e n d s h i p  a n d ca re . Es pec i a l -ly, I wou l d l i ke to· �h a n k  my pa rents 
back h om e  fo r t h e i _r s u p po rt and u n d e rsta n d i n g . · 
i i i  
TA BLE O F  CO N TE N TS 
C h apte r  
I I  
2 .  1 
2.2 
A C KN OWLEDG EM EN TS 
L IST OF F IG U RES . .  
L IST OF TA B L ES . . . . .  . 
I N T RODUCT ION . . . .  
L IT ERAT URE REV IEW 
I nf i  It ra tio n -Pe rco l at i on Sy stem 
Si g n i f i ca n ce of N i t rogen i n  Wate r 
2.3 P hos p h o r u s  B e h a v i o r  i n  Te r res t r i a l  System s 
page 
i i i  
v i  
v i fi 
. . 1 
5 
5 
. . . . . . 8 
12 
I l l EVA LUAT ION OF G ROUN DWAT ER MON I-TO.R I N G  
DATA 
3.1 G ro u n dwate r Qu a l ity Data 
3. 2 C h  Io r i  d e  Co n ce n t rat ion  
3. 3 N i t rate Co n cent rat ion 
3.  4 Ammo n i a  Co n ce n t rat ion  
3. 5 P h o s p h o r u s Co n cent rat ion 
IV . SUMMA RY . 
V CON C LUSION S 
V I  . RECOMM EN DAT ION S 
V I I  REF EREN C ES 
V I I I  A P P EN DIC ES 
8. A N i t rate Data 
8. B Ammo n i a  Data 














8. c C h l o r i d e  Da ta . . . .  57 
8. D Con d u ct i v i ty Data . . . . . . . .  58 
8. E G ro u n dwate r El evat ion a n d El ev at ion  of t h e  Top 
t h e  Sc ree n Data 
8. F p H  Data 
8. G Sod i u m Data  
8. H Su l fate Data · . 
8. 1 Tempe rat u re Data 
8. J Tota l Di s so l ved Sol i d s  Data 
8. K Tota l P hos p h o ru s Data 
8. L Ort h op h os p ho r u s  Data 
8 .. M I ro n  a n d F l u o r i de Data . . . � . . . . . . . . '• 











. . . . 68 
LIST O F  FI GURES . 
Fi g u re 
1 I nf i l t ra ti o n -pe rco l at ion l a n d  t reatmen t  s ystem 
Mad i so n , Sou t h  Da kota 0 0 0 0 0 
2 I n fi l t ra t i o n -perco l at ion  hyd ra u l i c pat h wa y s  
3 Si m p l i f i ed b i o log i cal n i t rog e n  cyc l e  





l a n d  a pp l i cat ion  system o o o o o 0 0 0 • • • • •  • 14 · 
5 Seq u e n t i a l  c h a nges i n  p h os p h o r u s co n c en t rat ion  
at  va r i o u s so i l dept h s  in  res po n s e  to  repeated 
wa stewate r a p p l i cat i o n s 
6 G ro u n dwate r con to u rs a n d  f l ow l i n es w i t h  l ocat ion  
of  wel l s  p r i o r  to u s e of  t h e  Mad i son So_D. 
16 
i n f i l t rat i o n -p e rco l at ion  _system . . . .  0 0 0 0 20 
7 C h  Io ri  d e  co n cen trat ion  fo r co n t ro l  wel l s  f rom 
Ju n e  1 983 to May 1 987 o . o o o 0 • 0 0 0 24 
8 C h l o r i d e  co n cent rat ion  fo r dow n st rea m wel l s  
f rom J u n e 1 983 to May 1 987 . o o o o
. . . 0 • 24 
9 Ni t rate · co n centrat ion fo r con t rol  wel l s  f rom 
Ju n e  1 983 to  May 1 987 0 0 • 30 
1 0  Ni t rate con centrat ion fo r dow n st ream wel l s  
f "rom Ju n e  1 983 to May 1 987 . o o o . .  30 
1 1  C h l o r i d e  co n cent rat ion  fo r We l l  B a n d  Wel l  E 
f rom J u n e  1 983 to May 1 987 . . 0 • • • o . . . . 3 1  
v i  
12 N it rate co n cen t rat ion fo r Wel l B a n d  Wel l E 
f rom Ju n e  1 983 to May 1 987 . . . . 3 1  
13 N it rate co n cen t rat ion for Wel l B a n d  Wel l E w i t h  
10-mo n t h  t i me a d va n ce a ppl i ed t o  d ata of Wel l B 33 
14 Gen eral topog raph i c  ma p of s t u d y  a rea 
15 N i t rate co n cent rat ion an d g ro u n dwater el evat i on 
rel a t i v e  to top of sc reen fo r Wel l B . . 
16 Ammo n i a  co n cent rat ion fo r co n t ro l  · wel l s  f rom 
J u n e  1983 to May 1987 . 
17 Ammon i a co n cen t rat ion fo r d ow n st ream wel l s 
f rom J u n e 1983 to May 1 987 . . 
18 Tota l ph osph o ru s co n cen t rat ion  for co n t ro l  
wel l s  f rom· J u n e 1 983 to May 1 987 
1 9  Tota l ph osph o r u s co ncent rat i o n  fo r dow n·st rea m  
wel l s  f rom J u n e 1 983 to May 1 987 









L I ST OF TA BLES 
Su mmary of mean va l u es of pa rameters for 
Grou n dwater mon i tor i n g  Wel l s  at Mad i son , S. D. 
1 / P  b as i n s f rom J u n e 1 983 to May 1 987 . . • .  




I N TRO D U CT I O N  
T h e  Ci ty o f  Mad i so n  ( pop u l a ti o n  6, 21 0) h a s  i ts · econ om i c  b a s e  i n  
a g  r i cu l tu re, a n d  s ev e ra l ag r i cu l tu re-re l ated i n d u str ies a n d  
ma n ufa ctu r i n g  com pa n i es  co n tri b ute to th e economy a s  wel l as  t o  the 
wa stewate r f l ows a n d  l oa d s. Wa stewate r f l ow s  at the Ma d i s on 
wa s tewa te r  trea tmen t p l a n t  · ave rage 1. 1 M. G .  D. a n d  i n f l u e n t  BOD 
a v e rages ove r  3 00 mg/ 1 ( 1). P r i o r  to 1 983, th e Ci ty h a d  been s e rv ed 
by a co n ve n ti on a l  t r i ck l i n g f i l te r  p l a n t  fo l l owed by a ·2 7· a cre po l i s h i n g 
l a goon wi th con ti n uo u s  d i sch a rg e to ·La ke Mad i s on . Ex t�n s i ye l a kes i d e  
d eve lopme n t  a n d r�cr�at ion ·u se· h ave created · e x treme p u b l i c  con ce rn 
to p reve n t  po l l u t i o n  of La ke Ma d i so n .  
T h e  f i rst comm u n i ty i n  Sou th Da kota t o  co n s tru ct a n d  operate 
a n  i nf i  It ra ti o n - pe rcol at ion  ( 1 / P )  sys tem �a s t h e  C i ty of Ma d i son .  Th e 
p rese n t  wa stewa te r  faci l i ty co n s i s ts p retreatme n t  ( a e rated g r it  
ch ambe r ) ,  p r ima ry cl a r i f i cat ion ( ci rcu l a r  cl a r i f i e r�, a e rat i on b a s i n  
( o x i dati o n  d itch ) , . f i n a l  cl a r i f i ca ti on ( ci rcu l a r  cl a r i f i e r) , 27 acre 
s to ra g e  b a s i n, i n f i  It ration b a s i n s , a n d  a n a e rob i c  d i gesti on . 
Con stru ction of th e  1 / P  system too k p l ace d u r i n g  1 983 . T h e  system 
con s i s ts of 4 ce l l , ea ch 3 . 6  acres ( See F i g u re 1 ) .  T h e  s ite wa s 
s tr i p ped a n d  l ev e l ed,  1 2  i n ch es of top s oi l we re l a i d ·back ove r  t h e  
e x pos ed g ra ve l  a rea s,  a n d  d i kes ca p a b l e  o f  con t.a i n i n g. 5 feet of l i qu 'i _d 
d epth we re con s t r u cted. 
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A n ew l i ft s ta ti o n  wa s co n s tr u cted to p u m p  f rom th e l a g oon to th e 1 / P  
ce l l s . Si x n ew 4-i n ch mon i to ri n g  wel l s  we re i n s ta l l ed adja ce n t  to t h e  
1 / P  s i te. T h e  1 / P  sy stem wa s p u t  on l i n e  d u r i n g  Octobe r 1983(1 ). 
So u th Da kota Depa rtmen t of Wa te r  a n d  N atu ra l Res o u rces 
req u i red th a t  th e 1 / P  ba s i n s  p rod u ce a n  eff l u e n t  t h a t  wou l d  not 
ex ceed the E PA p r ima ry d r i n k i n g  wate r sta n d a rd s  w h i ch i n cl u des a 
l i m i t  of 1 0  m g / 1  fo r n i t rate n i t rog en . A l so t h e  Dep a rtmen t  of Wate r 
a n d  N a tu ra l Reso u rces requ i red th a t  a s y s tem of . g rou n dwate r  
moni to r i n g  we l l s  be co n stru cted a n d  mon i to red on  a month l y/qu a rte r l y  
ba s i s  by th e Ci ty o f  Mad i so n .  
T h e  a va i l a b l e  res u lts of thi s · mo n i to r i n g i.n d i ca te 'th at fo l l ow i n g 
qu est io n s  rema i n  a s  ·fo l l ows ;  
1 .  H o w  does the 1 / P  system affect t h e  s 'u r ro u n d i n g  
g ro u n dwate r? 
2 .  Wh a t  ot h e r  facto rs affect t h e  g ro u n d water 
q u a l i ty a t  the 1 / P  ba s i n s? 
3 .  How ca n t h e  1 / P  bas i n s  be ope rated i n  a ma n n e r 
th a t  wi l l  opti m i ze the t reatme n t  a n d remova l 
'Of n i t rate? 
To res o l v e  t h e  a bove qu est ion s ,  i t  wa s p roposed to; 
1.. Com p l .ete a rev i ew of t h e  data a n d  i n fo rmat io n 
w h i ch wa s a va i l a b l e  a n d  dete rm i n e w h at a d d i t i o n a l  
data a n d i n fo rmat ion  i s  need ed , 
2. Eva l u ate t h e  ex i st i n g  data by mea n s  of g ra p h i ca l '  
co r re l a ti o n s ,  p lots a n d  oth e r  ·re l a ti o n s h i ps 
w i th comp u te r  a pp l i ca ti on s  of wa te r  l ev e l s · a n d  
q u a l i ty d a ta at  th e we l l s ,  ·a n d  
3. Dete rm i n e  w h a t  facto rs oth e r  th a n  th e Mad i son  
1 / P  b a s i n s may be adve rse ly  affecti n g  th e 
mon i tori n g  res u l ts of th e Mad i son g ro u n dwa ter 
mon i to r i n g  wel l s . 
4 
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L I TE RATU R E  REV I EW 
I nf i ltration- Pe rcolation System 
La n d  d i s po sa l  i s  a potenti a l  tech n i q u e fo r · treatm e n t  of m u n ici p a l  
wa s tes  w h e re a n  a va i l a b l e  s i te h a s  s u i ta b l e  s o i l con d i tion s a n d  
g ro u n dwa te r  h yd rology, a n d  th e cl i .mate i s  fa vo ra b l e ( 2 ) . . Tech n i q u es 
fo r s p read i n g wa s tewa te r  o n  th e l a n d  a re n o rma l l y cl a s s ed i n to t h e  
th ree ca teg o r i es 
pe rco l a tion  ( 1 / P ) ( 2 ) . 
T h e  1 / P  of 
i rr i g a ti o n ,  ove r l a n d  f low, 
wa stewa te r ', - . a l so kn own ·a s  
a n d  · i n f i l tra tio n·-
ra p i d  o r  h i g h -rate 
i nf i  I t  ra t ion , i s  a p roces s th at  u s es th e so i l m a tr i x fo r p h ys i ca l ,  
ch em i ca l ,  a n d  b io l og i ca l  t rea tme n t (3 ) . T h e · a p p l i ed wa stewa te r  
i n f i  I t  rates th e s u rfa ce a n d  perco lates th ro u g h  th e so i l matr i x .  
C h em i ca l  p reci p i ta tion , ion  exch a n g e, an d a d so rpt ion  occu r a s  t h e  
wa te r· pe rco l a tes  th ro u g h  th e soi l .  B i o log i ca l  o x i d a tion , i n co rporati o n ,  
a n d  red u ctio n  occu r p r i n ci pa l l y w i th i n  t h e  top few feet of so i l (3 ) . 
T h e' s·chema ti c  v i ew i n  F i g u re 2 ( a )  s h ows the ty p i ca l  h yd rau l i c 
pathway fo r 1 / P. A m u ch g reate r po rt ion  of th e a pp l i ed wa stewate r  
perco l a tes to th e g ro u n dwate r th a n  w i th i r r i g a ti o n  l a n d  t reatmen t .  
l 
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T h e re i s  l i ttl e o r  n o  con s u mptive u s e  of wa te r  by p l a n ts. 
Eva po ra ti o n  ra n g e s  f rom a bo u t  0.6 m/y r (2  ft/ yr) for cool  reg ion s to 
2 m/y r (6 ft/ y r )  fo r hot a r i d  reg i ons. In th e M a d is o n  a rea , ave ra g e  
a n n u a l  eva p o ra tion i s  a bo u t  1 m/y r (39 i n/ y r ) . T h i s  is u s u a l ly· a 
sma l l  pe rce n ta g e  of the hyd ra u l ic load i n g ra te ( 4.) .  
I n  m a n y  ca s es,  recove ry of re novated wa te r  is a n  in teg ra l p a rt 
of th e s y s tem. Recovery ca n be accomp l is h ed u s in g u n de r-d ra i n s  o r  
wel l s ,  a s  s h ow n  i n  F i g u re 2( b ) . In some ca s es , · th e .water d rain s 
·n a tu ra l l y to a n  adjace n t  .s u rfa ce wa te r  ( F i g u re 2( c) ) . Su ch systems 
ca n p rov i d e  a h i g h er  l eve l  of t reatmen t  t h a n mos t mech a n ica l systems 
d i s ch a rgin g to th e same s u rface water. 
T h e  objecti ve· of a n  1 / P  system i s  wa s tewater treatmen t. Uses 
fo r th e trea ted wa ter  ca n in cl u de: ( 4) 
1. G ro u n dwa te r  rech a rge, 
2. Recove ry of re novated wate r by wel l s  or 
u n d e rd ra i n s wi th s u b s eq u e n t  reu s e  fo r 
irrig a tion  o r  d i s ch a rge, 
3. Rech a rge of s u rface strea m s  by i nte rcepti on  of 
·g ro u n dwate r ,  
4 .  T em po ra ry sto rage of re n ovated wa te r  in t h e  
a q u i fer. 
8 
S i g n ifica nce of N itrogen iri Wate r 
T h e  mos t  i m porta n t  fa ctor l i m i ti n g l a n d a p p l i ca ti o n  of wa s tes i s  
ofte n th e amou n t  of i no rg a n i c n i trogen con ta i n ed o r  re l ea s ed f rom 
wa s tewa ter a n d  s l u d g es .  La rge i n p u ts of n i trog en , ·w h i l e s ti m u l a ti n g  
p l a n t  g rowth , ca n l ea d  to i n crea sed l o s s es to
-
g ro u n d  a n d s u rface 
wate rs .  Su ch i n c rea s es may res u l t i n  e x cess.i ve g rowth of a l gae a n d  
aq u a ti c  weed s .  Mo reover, a b u i l d -u p  of n i trate i n  d ri n ki n g water 
s u pp l i es i s  th o u g h t  to pose .a h ea l th h a za rd to h u m a n s , : pa rti cu l a r l y  
i nfa n ts ,  a s  wel l a s  l i vestock. Ma i n ten a n ce o f  th e g ro u n dwa ter 
n i trogen l evel  bel ow th e d r i  n k i n g  water sta n d a rd qf 1 0  mg/ 1 fo r 
n i trate n i trog en req u i res ca ref u l ma n a gemen t. Ma n a g em e n t deci s i qn s  
o n  l oa d i n g  ra tes · m u s t  be .ba ·s ed o n  a tho rou g h  k now l ed g e  of th e 
va r i o u s fo rm s of n i trogen con ta i n ed i n  wa s tes , th e i r p roperti es , th e 
tra n sfo rma ti o n s w h i ch occu r i n  so i l s , a n d th e ra tes a s soci a ted w i th 
th es e  tra n sfo rma ti o n s ( 5) .  
T h e  compo u n d s  of . n i trogen  a re of g rea t i n te res t to 
en v i ron men ta l  en g i n eers beca u se of th e i m po rta n ce of n i trog en 
compou n d s  i n  th e a tmo s p h e re a n d in th e l i fe p roce�s es of a l l  p l a n ts 
a n d  a n 1ma l s · . ' Th e ch em i stry of n i trogen i s  com p l e x beca u s e of_ i ts 
severa l  ox i d a ti o n  ·s ta tes . F i g u re 3 com p r i ses o n l y  s i x  majo r  proces ses 
: ( a )  a s s i m i l a tion  of i n o rga n i c fo rms ( p r i m a r i l y  a mmo n i a  a n d  n i tra te ) 
by p l a n ts a n d  ·m i croorga n i sm s  to fo rm o rg a n i c  n i trog �n I · e. g .  1 a m i no 
aci d s ,  p rotei n s ,  p u r i n es , py r i m i d i n es ,  a n d  n u cl e i c  a ci d s ;  ( b )  
h eterotrop h i c  con vers ion of o rga n i c n i trogen f rom o n e  o rga n i sm ( food 
9 
o r  p rey) to a noth e r  o rga n i sm ( con s u me r  o r  p reda to r); ( c) 
a mmo n i f i ca tion, i.e. , th e decompos i ti o n  of o rg a n i c n i trogen to 
ammo n i a; ( d )  n i tr if i ca tion, th e ox i d ation  of a mmo n i a · to n i tr i te a n d 
n i tra te; ( e) den i tr i f i ca tion, th e bacte ri a l  red u ct ion· of n i tra te to 
n i trou s  ox i de ( N 2 0) a n d mol ecu l a r  n i troge n  ( N 2) u n de r  a n a e rob i c  
con d i tion s; a n d  ( f) ni trogen fi x a ti o n ,  th e red u ct io n  o f  n i trogen - g a s  
to a mmoni a a nd o rga n i c n i trog en b y  va r i o u s  f!1i c roo rg a n i s ms (6) . . 
b (org a n ic N 
( a )  As s i m i l a tion;  
( c) Ammo n i f i cati o n ;  
( e ) Den i tr if i ca tion;  
-.; a,e -
N O  '-----� N O  
l: d / 3 
N �---�-- N 0 � � . . � 
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( b )  Hete rotrop h i c  con ve rs io n ;  
( d )  N i tr i f i ca ti o n ; · 
(f)  N i trog en f i x a ti o n ;  
F i g u re 3. Si m p l i f i ed b io logi ca l  n i trog en cycl e ( 6) 
O rga n ic n itroge n i s  bou n d  i n  ca rbon-co n ta i n i n g compo u n d s  s u ch 
a s  prote i n s. · With i n  th e so i l ,  o rg a n i c  n i trog e n ,  a con s ti tu en t' of 
h u m u s , i s  s lowl y  tra n sf�rmed to a va i l a b l e fo rm s by mea n s  of m i crob i a l  
decompos i ti o n . 
Ammon i aca l n itrogen i n cl u d es two fo rm s ,  th e a m mo n i u m i o n ( N H; ) 
a n d g a s eo u s  ammon i a  ( N H3) .  Ammo n i u m,
· by v i rtu e of a net pos i ti ve 
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ch a rge, ca n b e  he l d  i n  the so i l  o n  cl a y  a nd o rg a n i c  matter cat ion  
exc h a n ge s ites. Ammon i u m i s  u t i l i zed by both p l a nts a n d  
· m i croo rg a n i s m s  a s  a n it rogen sou rce ( 5) .  Ammo n i a  g a s  ex i sts i n  
eq u i l i b r i u m w i t h  the a mmon i u m i o n .  At h i g h  pH. v a l u es ( >8 . 5), 
ammo n i a  g a s  p redom i n ates a n d  may esca pe i n to t h e  atmos p h e re i n  
s i g n if i ca nt q u a n t i t i es ( 5) . 
Ammo n i a  n i t roge n ,  t h e  most common fo rm of n it roge n  i n  a n  
eff l u en t  f rom b i o log i ca l  wa stewate r t reatme n t ,  i s  to x i c. to· f i s h  at 
re l at i v e l y  l ow co n cen t ra ti o n s  a nd ca n ·e x e rt a s i g n i f i ca n t oxyge� 
dema n d . T h e  ma x i m u m  a l l owa b l e  a mmon i a  n i t rog e n  co n ce n t rat ion to 
p r�tect wa rm-wc:te r f i s h  i s  .abo u t  3 mg/1  at a p H  of 8. Fo r co l d-wate r 
' . 
f i s h ,  t h e  l i m i t  i s · a bo u t  1 mg/f  · ( 2 ) . W ith  reg a rd to o x yg e n  dema n d ,  
4.6 l b  o f  o x yg e n  a re u s ed th eoret i ca l l y to bacte r i �l l y n i t r i fy 1 . 0 l b  of 
ammo n i a  n i t rog en ( 2 ) . Fo r d i s pos�l i n  a rece i v i n g  st rea m w i t h  l i mited 
d i l ut ion a l  f l ow, o x i dat ion of a majo r  po rt io n  of the ammon i a  i s  
somet i m es n eed ed a l on g w i th more str i n g ent  BOD a n d  s u s pe n d ed 
sol i d s  remova l .  
Nitr ite
. 
( N� ) i s  a h i ghl y . mob i l e  a n ion  fo rme.d rn so i l s  a s  a n  
i n termed i a te· d�ri n g  t h e  m i crob i a l  co n ve rs ion  of a mmon i um to n i trate .  
N it r i te· i s  g e n e ra l l y t ra n s i to ry i n  so i l s  b u t  m a y  a ccu m u l ate u n de r 
ce rta i n  co n d it i on s .  It i s  to x i c  to h i g h e r  p l a n t s  i n  ve ry sma l l 
qu a n t i t i es ( 5) . 
N itrate ( N O) ) i s  a h i g h l y mob i l e a n ion , read i l y uti l i zed by both 
p l a nts a n d  m i c roo rg a n i sm s .  N i t rate i s  of p r i ma ry i n te rest i n  wa ste 
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a p p l i ca ti o n  s y s tems s i n ce i t  may be read i l y l ea ch ed f rom th e soi l a n d ,  
w h e n  p re s e n t  i n  e x ces s i n  d r i n k i n g wa te r ,  i s  th o u g h t  to be a h ea l th 
h aza rd to h u m a n s ( S) .  
Ni tra te rep res e n ts th e fo rm of n i trog en mos t h a za rdo u s  to 
p u b l i c h ea l th . T h e  U. S. P u b l i c  Hea l th Se rv i ce h a s  recommen ded a 
dri n k i n g wate r  s ta n da rd of not mo re th a n . 1 0  mg/ 1 fo r n i trate 
n i trog e n . N i trate n i trog en i n  e x ces s of 1 0  mg/1 ca n someti mes create 
a fa ta l  b l ood d i so rd e r  i n  i nfa n ts l es s  th a n  th ree . mon th s ·  o l d .  
Meth emog l ob i n em i a , commQn l y  ca l l ed "b l u e b a b y", occu rs w h e n  n i trate 
i s  red u ced to n i tr i te i n  th e stomach afte r  i n ge s ti o n ( 7) . T h e  n i tr i te 
rea cts w i th h emog lob i n a n d  p reve n t  th e b l ood f rom tr _a n s po rti n g  
o x ygen th ro u g h  th e body. -T h e  i n fa n t  th en su ffoca tes f rom l a ck of 
o x yg e n (4). 
Hea l th y  a d u l ts a re a b l e  to co n s u me l a rge q u a n ti ti es of n i trate i n  
d r i n k i n g  wa te r  w i th o u t  adve rse· effects . T h e  p r i n ci p a l  sou rces of 
n i tra te i n  th e a ve rage ad u l t d i et a re s a l i va a n d  vegeta bl e s  amo u n ti n g 
to a bo u t  130 mg/day ( 7) . Two l i te rs pe r d ay a t  10 m g/ 1  eq u a l s  o n l y  20 
mg/d a y  .  J u s tified by ep i demio logi ca l  ev i de n ce on  t_h e ·occu r ren ce of 
meth emogl obin �mia i n  i n fa n ts ,  th e sta n da rd of 10 m g / 1  is· th e ma x i mum 
con tam ·in a n t  l ev e l  fo r wate r  w i th . no ob s e rved a d v e r s e  h ea l th effects . 
N itrous oxide ( N  0) is a ga s eo u s  fo rm o n l y  s l i gh tl y  so l u b l e  in . 2 . 
wa te r. It i s  a norma l co n s ti "tu e n t  of th e a tmos p h e re i n  s ma l l  
q u a n ti ti es (<1 p p m )  ( 5 ) , a n d  i s  p roba b l y. n ot u ti l i·zed by p l a n ts .  
N itro u s o x id e  i s  on e of th e im po rta n t· gree n h o u s e  ga ses i n  th e 
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atmos p h e re ( 8) , a n d  i s  fo rmed d u r i ng t h e  d e n i t r i f i cat ion  of n i t rate ( 5) .  
Molecula r  n itrogen (N ) i s  a ga seo u s  fo rm com p r i s i n g  n ea r l y  79 2 . . 
per ce n t  of t h e  n o rma l atmos p h e re ( 8) . L i ke n i t ro u s  o x i d e ,  mo l ec u l a r  
n i t rogen i s  a n  e n d  p rod u ct of de n i t r i f i cati o n .  
P hosphorus  Beh avior in Te rrestr i a l  Systems 
P h os p ho r u s  i s  not know n to ca u se a d ve rse  h ea l t h  effects ( 4) .  
P h os p ho rus , l i ke n i t rog en , i s  a key n u t r i e n t  fo r t h e  g rowt h
. 
of a l gae 
a n d  a q u at i c  p l a n ts a s soc i ated w ith  eut rop h i ca t i o n  (2). T h e refo rer 
i n c rea ses i n  th e p h os p ho r u s co n cen trat i o n  of wate r e n t-e r i n g  l a kes a n d  
st reams w i l l  tend to i n c rea s e  t h e  p roba b i l i ty . a n d  s eve r i ty of n u i s a n ce 
p l a nt g rowth (3). · 
P h os p h o r u s  a n d  n i trogen , howev e r ,  d i ffe r i n  th e i r b e h a v i o r  
w ith i n  t h e  soi l .  Un d e r  ce rta i n  con d i t i o n s ,  n i t roge n  i s  l o s t  to th e 
atmos p h e re t h ro u g h  ammo n i a  vo·l at i l i za �i o n  a n d  d e n i t r i fi cat ion , b ut 
th e re i s  n o  a n a logo u s  ga seo u s  l os s  of p h os p h o rus . Ev en mo re 
,i mpo rta n t  a re d i ffe re n ces i n  mob i l i ty of t h e  two n u t r i en ts .  B ot h  ex i st 
i n  a n io n i c  fo rms ( N O]a n d  H 2 Po:q o r  HPO� ) w h i c h a r.e not s u b ject to 
cat ion  e x ch-a n g e  rea ct i o n s ,  b u t  n i t rate ion s a ·re rea d i l y · l ea c h ed from 
fhe so i l w h i l e p h osp h a te ion s a re l a rge ly  reta i n ed ( 9) . 
Whe re· eff l ue n ts a re d i sc h a rged to l a kes,  e i the r d i rect l y  o r  v i a  
r i ve rs , s ta n d a rd s  h a ve been . adopted by most states to l i m i t  
p h os p ho r u s  i n p u t . Domest i c  wastewate r co n ta i 'n s  a pp roxi mate ly  1 0  
mg/ 1 o f  tota l p hos p h o rus ,  of wh i ch a bo u t  70 pe r ce n t  i s  so l u b le ( 2) . A 
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commo n l y  esta b l i s h ed ma x i m u m  eff l u e nt co n ce n t ra t i o n  i s  1 . 0  mg/1 fo r 
p h os p h o r u s ( 2 ) .  T h i s  c r i te r i o n  req u i res a red u ct i o n  of a bo u t  90 per  
cen t  i n  domest i c wa stewate r t reatment. 
T h e  t reatment of wastewater p h os p h o r u s  b y  · l a n d  a p p l i cat ion  
i n c l u des both c h em i ca l a n d  b io log i ca l  mech a n i sm s .  C h em i ca l ly ,  
p hos p h o r u s reacts w ith  i ro n , a l u m i n u m ,  a n d c a l c i u m  com po u n d s  i n  t h e  
so i l  p rov i d i n g  eff i c i e n t  remova l ove r  a w i d e  ra n ge of p H  va l u es.  
P h os p h o r u s  i s  a l so a bso rbed · by rooted p l a nts  w h i c h , u pon · h a rvest , 
co n st i t u te a f u rth er remova l mech a n i sm(9) . T h e  p r i n c i p a l  p ho s p h o r u s  
remova l  . mec h a n i s m s  i n  1 / P  systems a re so i l a d so rpt ion  a n d 
p rec i p i tat ion  ( 4) . 
F i g u re 4 s h ows a gen e ra l  scheme fo r p ho s p h or-u s i n tera ct i o n s  i n  
a l a n d  a p p l i ca t i o n  system. Wa ste i n p u ts of p h os ph o-r u s  occ u r  i n  both 
o rg a n i c a n d i n o rg a n i c fo rms .  Org a n i c fo rms p redom i n a te i n  s l u d ges 
a n d  m a n u res w h i l e i n o rga n i c fo rms a re mo re p reva l e n t  i n  wa stewate r 
eff l u ents  ( 9) . 
Va r i o u s  fo rm s occ u r i n  the  so i l i n c l u d i n g  p h osp h o rus bo u n d i n  
o rg a n i c  m atte:r ,  l a .rg e l y  h u m u s ,  d i s so l ved p h os p h o ru s  i n  t h e  so i l 
s.o l u ti o n , a n d p h os p h o ru s bo u n d i n  i no rg a n i c  fo rms . 
B ot h  f res h l y a dded a n d  n at i ve o rg a n i c fo rm s a re s l ow l y  
m i n e ra l i zed by so i l  m i c roo rga n i sm s  th ro u g h  n o rm a l decom pos i t i o n  
p roces s es ( a )  ( refe r to F i g u re 4) . Some o f  th i s  m i n e ra l i zed P m a y  be 
rea b so rbed a n d  th u s  tem po ra r i l y  i mmob i l i zed by t h e  m i c robes ( b ) . 
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Immob i l i za t i on i s  most s i g n i f i ca nt i mmed i a te l y  fo l low i n g  wa ste 
a pp l i ca t i o n  w h en t h e  m i c rob i a l  popul at ion  i s  ra p i d ly i n c rea s i n g . 
Di s so l ved P com p r i ses  o n l y  a sma l l  f ra ct i on of t h e  tota l so i l 
p ho s p h o r u s . N eve rt h e l es s , i t  i s  f rom t h i s  f ra ct i o.n i n  t h e  soil 
so l u t i on t h a t  p l a n ts obta i n  n eeded p hos p h o r.u s  · fo r g rowth a n d  
deve lopment ( c ) , a n d f rom w h i c h  a ny l ea c h i n g los s occu rs . Di s s ol ved 
P i s  i n  eq ui l i b r i u m w i t h  t h e  muc h  l a rg e r  amoun t  of p h os p ho r u s  .boun d . 
·i n  i no rg a n i c fo rms (d ) ,  p r i ma r i ly . i ro n -, a l u m i n u m-, a n d  ca l c i um­
p h os p h ates . T h e  eq ui l i b r i u m re l at io n s h i p  b etween t h e s e  fo rms a n d  
d i s so l ved P i s  of co n s i d e ra b l e  i m po rta n ce i n  t h e· ove ra l l  p e rfo rma n ce 
of a l a n d  t reatment  system. 
P ho s p h o rus i n  wa stes a r i s e-s from a va r i ety of s o u rces . Org a n i c  
fo rms occ u r i n  m i c rob i a l  t i s s u e ,  p l a nts res i d u es ;  a n d  meta bol i c  by­
p rod ucts from l i v i n g o rga n i s ms . _I no rga n i c fo rms e x i st a s  co n d e n s ed 
p ho s p h ates f rom d ete rgent res i d ues , a n d  ferti l i ze rs ( 9) . 
Un l i ke n i t rogen , p hos phate a n i o n s  (H2 P04, HPo;) a re l a rge ly  
reta i n ed i n . t h e  so i l t h roug h spec i f i c  a d so rpt i o n  a n d  p rec i p itat ion 
react i ons . 
· Wh en wa stewate r i s  a p p l i ed to a so i l ,  i n i t i a l  reacti o n s  occur i n  
the s urfa ce l a ye r . T h e  ph o s p ho rus con cen t ra t i o n  i n  t h e  wate r mov i n g 
ou t  of th i s· l a ye r w i l l  be red uced i n  a cco rd a n ce w i t h  t h e  a mount 
reta i n ed .  Seq u e n t i a l  c h an g es i n  phos p ho r u s  co n ce n t ra t i o n at va r io u s  
so i l d epth s i n  res po n s e to repeated wastewater ap p l i cat ion s a re 
i l l u st ra ted i n  F i g ure 5. 
P Concentration i n  Soi 1. Solution ( mg P/1) 
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·Figure 5. Sequential changes in Phosphorus 
concentration at various soil depths 




I n  t h e  i n i t i a l con d i t i o n  p r i o r  to  wa stewater a d d i t i o n s ,  t h e  n a t i ve 
fract i o n  of bou n d  p h os p ho r u s i n  ma n y  so i l s  i s  s u ff i c i en t  to p rod u ce 
p h os p h o ru s con cen t rat i o n s i n  the  so i l  so l u t i o n  of  5..:.250 pa rts per 
b i l l io n  ( pp b )  (9). As wa stewater i s  a pp l i ed ,  the p h os p h o ru s 
co n cen t rat ion  i n  t h e  s u rfa ce l ayer wi l l  i n c rea s e  a n d  water of stea d i l y 
d ec rea s i n g  con cen t ra t i o n  wi l l  move i nto l ower l ayers . Con t i nu ed 
a p p l i cat ion  res u l ts i n · t h e  g rad u a l  s at u rat i o n . of  s o i l l ayers from the 
s u rface down wa rd. Di fferen t so i l l ayers , however , wi l l  h a.ve d i ffe rent 
ca pa c i t i es to reta i n  p ho s p h o r u s .  T h e refo re ,  i n  t h e  ca s e  d e p i cted at 
the bottom of F i g u re 5, the two s atu rated l aye rs co u l d  co n ta i n 
con s i d era b l y  d i ffe rent a mou n ts of p ho s p horu s ,  i n stead of eq u a l · ' 
co n cen t rat i o n s a s  s h ow n .  
T h e re i s  n o  s i m p l e  method to d eterm i n e  t h e  a mou nt of 
p hos p h o r u s  t h at a so i l  ca n reta i n  befo re satu r at i o n . Some i n d i cat ion , 
h owever , i s  obta i ned by so - ca l l ed a d so rpt ion  i sot h e rm s , wh i c h  
d es c r i be th e re l at i o n s ·h i p  between th at qua n t i ty of p h os p h o r u s h e l d  i n  
t h e  so i l a n d  t h at rema i n i n g i n  t h e  so i l sol u t i o n . 
As mo re . a n d  mo re p h osph o r u s  i s  a p p l i ed .  a n d  reta i n ed , 
s u cces s i ve � soil l ayers become satu · rated ; at t h i s  po i n t ,  -th e  
p �hos p h or u s co n cent rat i o n  i n  t h e  soi l so l u t i o n  eq u a l s  t h at of t h e  
wa stewater i t s el f .  T i me req u i red fo r saturat i o n  o f  a n y  g i ven l a ye r  
va r i es from a few weeks to severa l deca d es d epend i n g o n  soi l 
c h a racte r i st i cs a n d  wa stewater a pp l i cat ion  rates ( 9) . 
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EVALUAT I ON O F  G ROUN DWATE R  MO N I TO RIN G DATA 
G rou n dwater Qua l ity Data 
A p l a n to eva l u ate g ro u n dwater mo n itori n g  data a t  Mad i son , 
S. D. wa s s u bm i tted · i n  May 1987 a n d  a pp roved by Dep a rtme nt of 
Water a n d  N at u ra l  Resou rces per.son n el a s  part of . a res ea rc h 
con tra ct. Da ta h a ve been rece i ved f rom B a n n er As soc i ates,  In c . , 
B roo k i n g s ;  Wi l li am Heyer, C i ty En g i n eer, M a di so n ;  a n d  Sc h m i tz ,' 
Kald a  a n d  A s soc., Sio u x  Fall s ;  con cern i n g th e on -go i n g  mon ito ri n g  
prog ra m, t h e  a va il.a b l e water . q u .a l ity d ata ·a n d  ope rat i o n  of t h e  
Ma d i son wa stewater pl a n t. Mo n i to r i n g  wel l l oca t i o n · a n d  con st ru ct ion , 
a n d  g e n era l  l ocat i on· ma ps for t h e  Ma d i son a n d  La ke Mad i so n  Sa n i ta ry 
Di st r i ct wa stewate r i n f i l t rat i o n - pe rcol at ion ( 1/ P )  b a s i n s  h a ve a l so come 
f rom t h es e  sou rces . 
Ava i l a b l e  i n fo rm at ion revea l s  that  g ro u n dwate r samples h a ve 
bee n col l ected by B a n n er As soc i ates pe rso n n el a n d  Mad i son 
wa stewate r 
"
operators f rom s i x  mo n itori n g  wel l s  s h own i n  F i g u re 1 fo r 
the · per.iod J u n e 1983 t h ro u g h  May 1987. A tota l of 2 0  s ets of sa mpl es 
h ave been coll ected for most p a ramete rs.  When s a mpl es we re 
col l ected ,  the water temp e rat u re ,  con d u ct i v i ty a n d  pH we re. reco rded . 
T h e  dept h  from t h e  top of t h e  wel l to t h e  wate r leve l  wa s · a l so 
mea s u red to d ete rm i n e  t h e  stati c wate r l evel  i n  the wel l s . 
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Sam p l es we re s u bm i tted to ATC Labo rato r i e s , In c., Si o u x Fa l l s ,  
Sou t h  Da kota fo r a n a l ys es . Dete rm i n at ion i nc l u d ed i n  t h e  a n a l y ses a re 
n it rate , ammon i a ,  tota l p h o s p h o rus ,  o rt h op h o s p h o r u s ,  c h l o r i d e , 
sod i u m ,  tota l d i s so l ved sol i d s , a n d  s u lfate . Data a re a .l s o  a va i l a b l e  for 
tota l o rg a n i c ca rbon , f l u o r i d e ,  i ron , a n d  pota s s i u m fo r some sampl es 
pri ma r i l y  i n  t h e  ea r l y  mon i to r i n .g  i n  1 983 a n d  1 984. 
F i g u re 6 i s  a g ro u n dwater contou r ma p p r i o r  to u s e of t h e  1 / P  
ba s i n s . From F i g u res 1 a n d  6� i t  wo u l d appea r t h at We l l  D a nd Wel l  E 
wo u l d  rece i ve wa s tewate r. f rom the  1 / P . ba s i n s . A l so ,  We l l C wo u l d  
· mon i to r  s eep a g e  f rom t h e  sta b i l i zat ion pon d . 
T h e  a va i l a b l e. g ro u n dwat�r ··q u a l i ty data · revea l ed 't h a t Wel l A ,  
Wel l  B ,  a n d  We l l  · F ( See .. ·F i gu re 6) h a d com pa rat i v e ly  low 
co n ce n t rat i o n s  of most con st i tu ents a n d  co u l d p roba b l y  be co n s i d e red 
co n t rol  wel l s  ( n ot i n f l u en ced by wa stewate r ) . We l l  C wa s located 
down - g ra d i e n t  w i t h  res pect to grou n dw�ter l ev e l s from t h e  Mad i so n  
sto rage po n d  ( p rev iou s sta b i l i zat ion po n d ) ;  a n d  we l l D a n d Wel l  E 
we re dow n -g ra d i e n t  f rom t h e  1 / P  bas i n s . Co n s eque n t l y ,  t h e  q u a l i ty 
data t h at h a ve b,ee.n ro u t i n e l y  accu m u l ated t h ro u g h. May 1 987 we re 
assem b l ed i "n ·ta b u l a r  fo rm fo r most i n d i v i d u a l  c h em i ca l c h a ra cte r i sti cs 
by date a n d  we l l  s eq u e n ce of · A ,  B,  a n d  F ( co n t ro l  we l l s ) ;  C 
· ( sta b i l i zat i on po n d ) ;  D a n d  E ( 1 / P  ba s i n s ) ;  FWS ( F i s h  a n d Wi l d li fe 
Se rv i ce) . T h es e  ta b l es a re i n cl u ded i n  t h e  Appe n d i x . 
Sse. 9 
F.i£ure 6. Groun��ater contours and flow lines 
with location cf wel l s prior to use 
of the Madison S. D .  I/P system(lO) 
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Mea n v a l u es o f  most c h em i ca l  co n st i t u e n t s  i n  t h e  g ro u n dwater 
h a ve been a s s em b l ed i n  T a b l e  1 .  F rom t h e  m ea n v a l u es , i t  ca n be 
observed t h at s u bsta n t i a l  overa l l  water q u a l ity di ffe ren ce.s exi st 
between wel l s  i n f l u en ced by wa stewater as com p a red to wate r from 
t h e  co n t ro l  wel l s .  Si m i l a rl y ,  w i de water q u a l i ty v a r i at ion i s  n oted 
between we l l s  w i t h i n  t h e  con trol g ro u p  a n d  b etween t h ose wel l s  
dow n stream from wa stewate r sou rces .  
C h  Iori  de Concentration 
C h l o r i d e  occ u rs i n  a l l  natura l  waters i n  w i de ly  varyi n g  
con centra t i o n .  C h  Iori d e ,  i n  rea son a b l e· con cent ra t i o n s ,  a re n ot tox i c  
to h u ma n s .  ·T h e  EPA Recommended Seco n da ry Dr i 'n k i �g Water 
Sta n dard s  for c h lori de i s  set at 250 mg/ 1 .  At a conce n t rat ion  a bove 
250 mg/ 1 , t h ey g i ve a sa lty ta ste to water w h i c h  i s  object i o n a b l e  to 
some people. I n  a d d it ion  to the a d verse  ta ste , h i g h  c h lo r i d e  
con cen t rat ion  ca n con t r i b u te to t h e  dete.riorat ion  o f  plumbin g ,  water 
h eate rs , a n d m u n i c i p a l  wate rwo r k s eq u i pment. A l so ,  h i g h  c h lo r i d e  
co n cent rat i o n  cou l d  be a n  i n di cator  of sodi u m ,  w h i .ch i s  known to 
h a ve some a d v e rs �  hea lth  effects ( 1 1 ) .  
· . T.h e  c h l ori d e con centrat ion of grou n dwater n o rmal ly in c rea s es a s  
th e wa stewater co n tent· i n c rea ses beca u se .wa stewater con ta i n s h i g h  
ch lo r i d e a n d
. 
t h e  c h l o r i de i o n  i s  not s i g n i f i ca n t l y  a ds orbed b y  so i l  a n d  
i t  i s  n ot a l te red o r  ch a n ged in amo u n t  b y  b io log i ca l  p rocess es ( ll) . 
Table 1 
Summary of Mean 
Monitor ing We l l s 
1983 to May 1987 
Values . of Parameters for Groundwater 
at Madison� S . D . I/ P Bas ins from June 
(1) 
Parameter 
Cont ro l We l ls 
A B F 
From 
S . P . 
c 
From 
I/ P Bas ins 
D E 
( 2 ) 
FWS 
Nitrate-N 5.14 3.35 3.38 0.78 6.37 8 .. 09 0.70 
Ammania-N 0.02 0.27 0.38 1.70 0.12 0.03 0.03 
Chlor ide 25.6 16.8 11.8 160 260 214 231* 
Conduct ivity 670 563 739 1580 1734 1373 1805 
( umbo/em) 
TDS 496 519* 738 1394 1591 1384 1370 
Su l fate 40 131* 117 307 270 235 135 
Sodium 48 15 24 161 182 131 192 
Tot al  P 0.03 0.04 0.06* 0.16 0.04 0.03· 0.03 
Ortho P 0.03 0.04 0.03 0.13 0.03 0.03 0.03 
pH ( Units) 7.17 7.15 6.79 6.96 6.89 6.89 7.03 
Temp . ( °C) 10.9 9.8 9.2 10.5 10.2 10.8 10.9 
Ground­
water elv . · .  
feet (+1600 ) 
33.6 31.9 4.3 14.3 12.2 6.0 
---------------�----------------------------
--------------
(1) :Mi l l igrams per l iter  except where noted 
(2·) The s amples o f  FWS We l l  were from June 1983 to 
September 1985 
* Mean value may be inf luenced by a s ingle  s ample  w ith a 
probab le analyt ic a l  error ( See appendix) . 
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F i g u res 7 a n d  8 s how t h e  c h l o r ide  co n ce n t ra t i o n s fo r each wel l 
f rom J u n e 1983 to May 1987. Th e co n ce n t rat ion s ca l e  i s  v e ry d i fferent 
fo r t h es e  two f i g u res.  T h e re a re h i g h  c h l o r i d e  co n ce n t rat i o n s · in  Wel l 
C ,  We l l  E, a n d  We l l  D( F i g u re 8) . Th e re a re low ch l o r i d e  
co n ce n t rat ion s i n  Wel l A, We l l  B ,  a n d  Wel l F ( F i g u re 7) . 
From t h e  F i g u re 7 ( ch l o r i d e  con centrat ion  g ra p h  i p  co n t ro l  
we l l s ) , Wel l A, Wel l B ,  -a n d  We l l  F a re s i m i l a r  i n  ch l o r i d e 
co n cen t rat ion s except fo r May . 1 985, A p r i l a n d  Au gu st 1 986 i n  Wel l B .  
Wel l  A a n d · Wel l  F a re ·  very s i m i l a r. Th e refo re , t h e  ch l o r i d e. 
·con ce n t rat ion s  of co n t ro l  wel l s  a re p rob a b l y  f rom riat
.
u ra l  o r  n o n ­
po i n t sou rces.  F rom th e F i g u re 6 . ( g rou n d wate r co n to u r  ma p), t h i s  
non -po i n t  n at u ra l c h l o r i d e  s ou rce i s  f rom no rth of t h e  s ta b i li zat io n 
pond a n d  1 / P  b a s i n s .  
Th e c h lo r i d e  concent rat ion of We l l  B i n  the s u mm e r  may be 
re l at i ve l y  h i g h  ( 40 mg/ 1 ), beca u s e t h e  nort h  a n d  s o u t h  bas i n s  we re 
u s ed ma i n l y i n  t h e  s u mm e r; t h e  two m i d d l e  b a s i n s  were u s ed i n  
w i nte r.  Th e n o rt h  bas i n  i s  l ocated n o rt h - wes t  of Wel l B .  Wh en 
wa stewate r i s  a p p l i ed to t h e  no rth 1 / P  ba s i n , th e g rou ndwate r l evel 
i s  i n c r�a sed fo rm i n g  a mou n d  s h a pe. Wa stewate r f rom th e. n o rt h  basi n 
may h a ve s p read to t h e  .n o rt h  of Wel l B a n d  pos s i b l y  f l owed to La ke 
Mad i so n th �o.u g h  Wel l B .  T h e  relati ve ly h i g h  c h l o r i d e  concent rat io n 
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Figure 7. Chloride concentration -for control wells from June 
1983 to May 19B7 
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June 1983 to Ma y 1987 
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T h e  a mo u n t  o f  wa stewate r f rom t h e  1 /P ba s i n s  wou l d  be ve ry 
s ma l l .  I f  Wel l B recei ved s u bsta n t i a l  wa stewa te r  f rom t h e  1 /P ba s i n s  
d u r i n g  the s u mm e r, co n cent rat ion  of· oth e r  con st i t u e n ts s h ou l d  a l so be 
h i g h .  H oweve r ,  t h e  co n d u ct i v i ty a n d  tota l d i s so l ved so l i d s  we r'e 
com p a rat i v e l y  l ow d u r i n g s u mme r. 
C h l o r i d e  con ce n t rat ion s i n  ·wel l  C,  Wel l D ,  a n d Wel l  E a re 
s i g n i f i ca n t l y  d i ffe re nt a n d h-i g h  ( See F i g u re 8). G ro u n d water f low 
data h a ve been a p p roxi mated . · T h e  rate of moveme n t  of wate r th ro u g h  
t h e . g ro u n d  i s  of a n  ent i re·l y d i fferent m a g n i t u d e  .t h a n  t h at t h rou g h  a 
natu ra l o r  a rt i f i c i a l  c h a n n e l  o r  con dui ts .  Typ i ca l  v a l u es. ra ng e  f ro'm 5 
ft/d a y  to a few feet pe r yea r ( 12). _ . Th e 1 /P system wa s put on l i .n e  
i n  Octobe r 1983. H o�ever, the ch l� r i d e  concen trat i ons i n  both Wel l  D 
a n d  We l l  E we re s u bsta nt i a l  afte r A u g u st 1984 . ( See F i g u re 8) . 
Th e refo re, t h e  expected t i me l a g  of g ro u ndwate r f l o·w f rom the  1 /P 
ba s i n s  to We l l  ·o a n d  We l l E was a p p roxi ma ted a t  10 mo n t h s .  
C h l o r i d e  co ncent rat i o n s  i n  Wel l D a nd We l l E we re i ncrea s ed 
f rom A u g u st 1984. The res u l t of t h e  stu d ent t tes t ( 13) i n d i cated th at 
We l l  D wa s i nf l u e n ced by the sta bi l i zat ion  pond p r i or to ope rat ion of 
t h e  1 /P b a s i n s  a n d ,  Wel l  D and We l l E we re not i �fl u enced 'by 
ope rat ion  of t h e  1 /P basi n s  u n t i l afte r A u g u st 1984 . Th e 3 sampl es 
wh i c h  we re. co l l ected befo re 1 /P ope rat i on b ega n a nd the  f i rst 4 
s a m p l es co l l ected afte r 1 /P ope rat ion  beg a n  fo r Wel l  D we re u s ed fo r 
t h e  stu d e n t  t test. 
2 2 
( n -1 )  *s.l + ( n -1) *s 2 ·· I I .Z .2. (3-1) *80. 58 + ( 4-1 ) *37. 58 
2 s p = --------------------- = --------------------------. = 3444 . 61 
3 + 4 - 2 
x, - x2 373. 33 - 1 55. 75 
t = ------------------ = ------ ------------- : 4. 85 
J Sp2 * ( 1/n , + 1 /n 2) J 3444. 61 *( 1 /3 +1/4) 
u, 
= u.2: Nu l l  hypoth es i s  · u1 > uiAitern at i ve h ypot h es i s  
x Sampl e mea n for f i rst data 
-
x . . Sampl e  mea n  fo r seco n d  data 
s ,  : Sta n da rd dev i atio n  fo r fi rst data 
s -t: Sta n da rd dev i atio n  fo r seco n d  da ta 
n ,  : Nu mber of s a m pl es fo r f i rst .data 
n 2 : N u m ber of sampl es fo r secon d  data 
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F rom t s co re ( 4 . 85) , it wa s con c l ud ed at th e 0. 005 l evel 
( t=4. 032 fo r 5 deg rees of f reedom ) · t h at t h e  con cen tra tion s of c h lo r i d e  
at Wel l D befo re th e ope rat ion o f  t h e  1 / P  system were ·h i g h er t h an 
after th
.
e operat ion  of t h e  1 / P  system . I t  m i g h t  be con c l u d ed t h at 
g ro u n dwate.r .at Wel l D wa s bei ng i n f l u en ced by th e s ta b i l i zat i o n  pon d 
l ea kage before t h e  1 /P system wa s i n sta l l ed .  W h en t h e  1 /P sys tem wa s 
put on l i n e  i n  Octob er 1 983 , t h e  g rou n dwater l ev.el wou l d  h a ve been · 
i n crea sed a ro u n d  t h e  1 / P  system s i te. After t h e  1 / P  system wa s 
27 
p l a ced i n  ope ra ti on, Wel l  D p roba b l y  recei ved l i ttl e wa s tewate r  f rom 
the sta b i l i za ti o n  pon d  b u t  mo re n a ti v e  g ro u n d wa te r  f rom the n o rth . 
Si n ce the s u mme r of 1984, Wel l  D a n d  Wel l  E ha v e  been s i mi l a r  i n  
chlo r ide  concen tration d emon s trati n g  th e i nf l u ence of w a s tewate r  f rom 
th e 1/P b a s ins . 
The f i r s t  4 samp l es col l ected a fte r  th e s ta rt of th e 1/P system 
a n d  Au g u s t 1984 we re tes ted aga i n s t the res u l ts of 13 s amp l es afte r  
Au g u st 1984 fo r Wel l  D so th a t :  
Ha 
( n 1  -1)*s� t (n2 -1)*s} 2. 2 (4-1)*37.58 + (13-1)*50.67 
2 
Sp ------------ - ------- - - = --------------------- - ----- - - = 2336.41 
n 1  + n�- 2 4 + 13 - 2 
x, - x2. 155.75- 266.46 
t ------------------- = --------------------- = - 4.0 
v/2336.41*(1/4 + 1/3) 
F rom th e h i g h  n eg a ti ve t sco re (-4.0), i t  wa s con c l u d ed a t  the 
0.005 l ev el  (t=:-2.947 fo r 15 deg rees of f reedom) th a t  Wel l  D wa s 
i nf l u enced by wa s tewa ter, p roba b l y  f rom th e 1/P b a s i n ,  afte r  A u g u st 
1984. 
T h e  c h l o r i de concen tration of th e f i rst 7 s a mp l es· w h i ch we re 
co l l ected befo re Aug u s t  1984 a n d  th e 13 s a m p l es w h i c h  we re col l ected -
afte r Au g u s t 1984 i n  Wel l  E were compa red so th a t :  
( n  -1)*s�+ (n -1)*s 2 I I :.2 � 
2 2 
(7-1)*35.7 + (13-1)*55.87 
:l. Sp = --------------------- = ---------------------------- = 2505.8 
n + n - 2 1 � 
X - X I 2 
t = ------------------ = 
(sp'- * (1/n1 + 1/n 2) 
7 + 13 - 2 
90.29 - 279.92 
= - 8.08 vf2505.8 * (1/7 + 1/13) 
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F rom t h e  h i g h  neg at i ve t score ( -8.08), i t  wa s con �l u d�d at t h e  
0.005 l ev el (t=-2.878 fo r 18 · deg r.ees of f reedom ) t h at Wel l E wa s 
i n f l u en ced by wa stewate r from the 1/P bas i n s  a fter Au g u st 1984. 
T he FWS Wel l s howed a s u bsta n t i a l  c h l o r i d e  conce n t rat ion a n d  
the con d u cti v i ty wa s a l so h i g h .  It i s  a s s u med t h at the FWS Wel l 
prob a b l y  co nta i n ed wa stewate r. F rom F i g u re 6, most of the  
wa stewater from t h e  1/P ba s i n s  proba b l y  reached La ke. Ma d ison befo re 
t h e  FWS Wel l .  B a s ed u pon proba b l e  g rou n dwate r flow di rect ion , t h e  
FWS Wel l may h a ve been con ti n uou s l y  i n fl u en ced b y  grou n dwater 
seepag e ·f rom the Mad i son sta b i l i zation po nd.  
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N itrate Concentration 
F i g u res 9 a n d  10 s how t h e  n it rate con ce n t ra t i o n  fo r each 
mon ito r i n g  wel l f rom J u n e 1983 to May 1987 . N i t rate co nce n t rat i o n s 
h a v e  f req u e n t l y  e x ceeded 4 o r 5 mg/ 1 . i n  t h e  con t ro l  wel l s  w h i c h  
s ho u ld n ot b e  i nf l u e n ced b y  t h e  1 / P  bas i n s ( F i g u re 9). T h e re we re 
h i g h  ( g reate r t h a n  10 mg/ 1 )  n i t rate co n centrat i o n s i n  We l l  D a n d  Wel l 
E ( F i g u re 10 ) .  T h e  h i g h est co n ce n t rat ion of n i t rate wa s t9  mg/ 1 i n  
Wel l E a n d  16 mg/ 1 i n  We l l  D . · 
F rom F i g u re 6 ( g ro u n dwater co n tou r ma p )  .. a n d  F i g u re 8 
( C h l o r i de co n ce n t rat ion  of dow n st rea m wel· l s ) , We l l  C recei ves 
wa stewate r f rom the sta b i l i zation po n d .  ·ti oweve r ,  the n it rate 
co n ce n t rat ion  i n  We l l  · c ( F i g u re . 1 0 )  is very low . com p a red to t h e  oth e r  
wel l s . A l so t h e  a mmon i a  co n ce n t rat ion  i s  com p � rat i ve l y  h i g h . 
G e n e ra l l y ,  wa stewate r co nta i n s  h i g h  ammo n i a  a n d a n a e rob i c  co n d i t i o n s 
p roba b l y  occ u r red i n  t h e  bottom of t h e  sta b i l i za t i o n  pon d  so t h a t  
n it r i f i cat ion  d i d  n ot occ u r .  T h i s  mea n s  ammo n i a  i n  t h e  sta b i l i zat ion . 
po n d  wa s not co n ve rted to n i t rate . T h e  a bove ex p l a .i n s  w h y  a mmo n i a  
co n cent rat ion . i s  h-i g h , b u t  n i t rate co n ce n t rat ion  i s  l ow i n  Wel l  C .  
· . F i g u res 11 an d  12 a re c h lor ide  a n d  n it rate co n ce n t rat i on g ra p h s  
fo r Wel l B ( co n t ro l  we l l )  a n d  Wel l E ( dow n s t rea m we l l f rom 1 / P  
ba s i n s ) .  T h e  d ata fo r Wel l  E i n d i cate both h i g h  c h l o r i d e . ( to 350 mg/ 1 ) 
a n d n i t rate ( to 19 mg/ 1 ) co n centrat ion s .  H owev e r ,  t h e  c h l o r i d e  
con ce n t rat ion  fo r Wel l B wa s ve ry low w h i l e t h e n i t rate co n ce n t rat ion  
( 8  mg/ 1 ) wa s re l at i ve l y  h i g h . 
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F rom t h e  g ro u n dwate r co n tou r ma p a n d  t h e c h l o r i d e  con ce n t rat io n 
g ra p h  fo r t h e  co n t ro l  wel l s , i t  co u l d be co n c l u d ed th a t  We l l  B does 
not rece i v e  an a p p rec i a b l e  amou n t  of wa stewate r f rom t h e  1 / P  ba s i n s . 
T h e  d i sta n ce betwee n the  1 / P  ba s i n s  a n d  We l l E. i s  a l most the  
same as  the  d i sta n ce between Wel l  B a n d  Wel l  E .  The a p p rox i-mate 
t i me l a g  of g ro u n dwate r f low f rom Wel l  B to We l l  E i s  a bo u t  1 0  
mo n t h s .  Wel l B a n d  Wel l E seem to be s i m i l a r · i n  n i t rate co n ce n t rat ion 
w ith  a 10 mo n t h  t i me adva n ce i n  We l l  B ( F i g u re 13 ) .  Wel l ' E p roba b l y  
rece i ves n i t rate w h i c h  a l so pas s ed t h ro u g h We l l  .B . Wel l . D i s  c los e r  
. to t h e  1 / P  ba s i n s  t h a n Wel l E .  Howev e r  I t h e  n i t rate con ce n t rat ion i n . ; 
Wel l E i s  h i g h e r  t h a n  i n  Wel l  D .  
N i t rate co n ce n t rat ion i s  h i g h  after p a s s i n g t h ro u g h  t h e  so i l 
be low t h e  1 / P  b a s i n . Ammo n i a  acc u m u l ates i n . t h e  so i l  a n d  th i s  
ammon i a  i s  o x i d i z ed to n i t rate u n d e r  a e rob i c  con d i t i o n s .  Ae rob i c  
co n d i t i o n s  wo u l d  occu r a s  i n d i v i d u a l  1 /.P b a s i n s  a re rested . T h i s  
co u l d  a cco u n t fo r t h e  i n c rea se i n  n it ra te down s t ream f rom t h e  1 / P  
system . 
I t  i s  pos s i b l e  t h at t h e re i s  a n i t rate sou rce ot h e r  t h a n  t h e  ! / P  
ba s i n i nf l u e n c i n g  Wel l B .  T h e re i s  a l a n d  dep res s io n  a b o u t  1 /4 m i l e  
n o rt h - ea st _ of t h e  1 / P  ba s i n s ( F i g u re 1 4) .  I t  i s  b e l i eved t h at s u rfa ce 
wate r a ro u n d  t h e  l a n d  dep res s ion  ru n s  i n to t h i s  loca t i o_n . Wh en th i s  
s u rfa ce wate r p e rco l ates to t h e  g ro u n dwate r l eve l , th i s  g ro u n dwate r 
f l ows towa rd La ke Mad i son p roba b l y  past  Wel l B a n d  We l l "  E-. A l so , 
th e re a re fa rms a bo u t  1 12 · m i l e  n o rt h  a n d  
N i t rat e - N i trog e n  
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F i g u r e  1 3 .  N i t r a t e  
1 984 
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1985  1 986 1 987 
f o r  W e l l  B a n d  W e l l  E w i t h 
1 0 - mon th t i me a d v a n c e  a � p l i c d t c  d a t a  c f  W e l l  B 
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F i u u r e  1 4 . G e he r a l  t o � o g r a ph i c  m a p o f  s t u c y  
a re a  ( 1 0 )  
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n o rt h ea st of t h e 1 / P  ba s i n s . T h i s  l a n d  dep res s i o n  a n d fa rm wa ste may 
be a sou rce of n i t rate co n ce n t rat ion at Wel l  B .  
I n  rev i ew of t h e  data , i t  wa s ob se rved th at w h e n  th.e 
g rou n dwate r l ev e l  wa s h i g h , t h e  n it rate con cen t rat ion . i n  Wel l B · wa s 
low ( F i g u re 1 5 ) . U n fo rt u n ate l y , t h e  n it rate data fo r We l l  B - wa s 
m i s s i n g fo r Feb ru a ry 1 985 . T h i s  re l at ion s h i p  s u g g ests t h at t h e  h i g h -
I 
n it rate wate r i s  n ea r  t h e  s u rface of t h e  g �·o u n d wate r a n d  may be 
mov i n g f rom the l a n d  dep res s ion . When the g ro u n dwate r l evel  i s  
h i g h , t h i s  h i g h - n i t rate wate r may be · s u bsta n ti a l l y a bove t h e  weU 
s c reen a n d  n ot s a m p l ed by p resent s amp l i n g met h od s . · 
F rom a rev i ew of ope�at ion. · reco rd s of � h e· M a d i son wastewater 
t reatme nt  p l a n t ,  i t  wa s fou n d t h at wa stewate r : Wa s n
.
ot a p p l i ed to t h e  
1 / P  b a s i n  d u r i n g t h e  per iod , from May 2 5  to A u g u st .1 7 1 985 . Du r i n g  
th i s  p e r iod , n i t rate co n ce n t rat i o n s  i n  wel l D a n d  We l l  E we re very 
h i g h  ( 1 6  mg/ 1 o r  h i g h e r ) . I t  i s  a s s-u med t h at a mmo n i a  i n  t h e  
wa stewate r wa s reta i n ed i n  t h e  top of t h e  1 / P  b a s i n  so i l .  T h i s  top 
so i l  wo u l d be a e rated w i t h o u t  wa stewate r  so t h at n i t r i f i cat ion  wo u l d  
h a v e  occ u r red b u t  de n i t r i f i cat ion  wo u l d  not h a v e  · occ u rred .  A l so ,  
g rou n qwate r l eve l s a t  Wel l  D a n d  We l l  E d ropped o n e  o r  two feet � i t h  
a bo u t  a fo u r  foot d rop occ u r r i n g  a t  t h e  u p s t rea m We l l  B .  Wh en 
ra i nfa l l  oc�u. r red or wa s tewate r a p p l i cat i o n s re s u med , h i g h  n i t rate i n  
the  top so i l o r  i n  t h e  zon e  w h e re wate r l eve l s d ropp ed p roba b l y 
moved to We l l  D a n d  We l l  E .  H i g h  n i trate con ce n t rat io n s  we re fo u n d  
a t  t h ese wel l s  i n  J u l y 1 985 a n d  s h o rt l y  a fte r .  
We l l B 
elevation 
.. .. . •• 
'----Top of .screen 
Concentrat ion 
w T • ' 1 n l iM  1 1 • s ' 1 • ' 1 a 11 w z  1 A ! 1 ' • t 1 u aw z a • s 1 1 • ' a 11 aw z 1 • s 
1983 1984 uo:t e 19ss 1 986 . 1 987 
F i g u r e  1 5 .  N i t r a t e  c o n c e nt r a t i on a n d  g r o u n d w a t e r  e l e v a t i o n 
r e l a t i v e  t o  top of s c r e e n  f o r  We l l  B 
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Ammon i a Concentration 
A l l  co n t ro l  wel l s  ma i nta i n ed very l ow ammo n i a · con ce n t rat ion s 
u n t i l A p r i l 1 986 ( F i g u re 1 6 ) . T h e  h i g h e r  ammo n i a  co n centrat ion s a,t 
Wel l  F afte r A p r i l 1 986 may h a v e  been re l a ted to con s t r u ct ion  of t h e  
n ew 1 / P  ba s i n s  ea st  o f  t h e  Mad i so n  1 / P  ba s i n s . T h es e  n ew ba s i n s· w i l l  
s e rve t h e  La ke Mad i son S a n i ta ry D i st r i ct . T h e  h i g h  ammon i a  
con ce n t rat ion  o f  We l l  B a n d We l l  F i n  t h i s  p e r i od m i g h t be t h e  res u l t 
of con st r u ct i o n . 
T h e  ammo n i a  con centrat ion  of Wel l c · wa s h i g h e r . t h a n  a n y  oth e r  
wel l  b u t  t h e  a mmon i a  co n centrat ion  dec rea s ed i
.
n May 1 987 ( F i.g u re 1 7 ) . 
I t  wa s observ ed d u ·r i n g  a J u l y · _ 1 987 s i te v i s i t . t h at t h e  storage pon d 
n o  l o n g e r  con ta i n ed wa stewate r .  
. . 
F rom t h e  a bove ope rat i o n , both 
n i t rate a n d  ammon i a  we re very low at Wel l C i n  May 1 f}87 . 
Wel l  D a h d  We l l  E s h ow very l ow ammo n i a  co n ce n t rat i o n s ,  t h e  
s a me a s  t h e  co n t ro l  we l l s . Howeve r ,  fo r ea r l y  s am p l es at We l l  D ,  
befo re t h e  1 / P  sy stem wa s i n sta l l ed , ammo n i a  co n ce n t rati o n s  we re 
h i g h e r  t h a n  afte r t h e  _ 1 / P  system wa s p u t  on l i n e .  T h ese s l i g ht l y 
h i g h e r  ammon i a  co n ce n t rat ion s a l so s u g gest t h at We l l  D wa s i n f l u en ced 
by s-eepage f rom . t h e  sta b i l i zat ion  po n d  as was  m e n t i o n ed i n  t h e  
-c h l o r i d e  con c e n t rat ion  d i sc u s s io n . 
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Phosphor u s  Concentration 
p h os p h o r u s  remova l has bee n  very effect i ve i n  t h at t h e  
was tewate r - i n f l u e n ced wel l s  ( D  a n d E )  h av e  ve ry l ow p h o s p h o r u �  
con cen t rat i o n s  w h i c h  a re compa ra b l e  t o  l ev e l s i n  t h e  co n t rol 
wel l s ( F i g u re s  1 8  a n d  1 9 ) . T h e  p hos p h o r u s co n ce n t rat ion  i n  Wel l C 
was h i g h e r  t h a n  i n  a n y of the  ot h e r  we l l s . We l l  C rece i ves wa stewate r 
f rom t h e  Ma d i son sta b i l i zat i o n  po n d  that h a s  been u s ed fo r 20 yea rs . 
Howev e r ,  t h e  1 / P  ba s i n s  we re · co n st r u cted i n  1 983 .  We l l  D' a n d  Wel l E 
( dow n st ream wel l s  f rom the 1 / P  bas i n s )  rece i ve wa stewate.r f rom t h e  
· 1 / P  bas i n s  w h i ch wou l d  i n c l ude  s u bsta n t i a l  p h os p ho ru s .  C h emi ca l  
adso rpt i o n  of p h o s p h o ru s onto t h e . so i l i s  t h e  p robab l e  ' mode of 
p hos p h o r u s  remova l a_n d  t h e  l 'ong -t ime e x pos u re of th_e so i l s  at We l l  C 
to p h os p h o r u s  e x p l a i n s  t h e  s l i g h t l y  h i g h er  co n ce n t rat i o n s at t h at 
locat ion . So i l be low t h e  sta b i l i zat ion po n d  i s  p roba b l y  mo re satu rated 
i n  p hos p h o r u s  t h a n  so i l be low or dow n st rea m f rom t h e  1 / P  ba s i n s . 
T h e  tota l p h os p h o r u s  co n centrat ion  of We l l  F i n  A p r i l 1 986 {0 . 3  
mg/ 1 ) wo u l d  a p p ea r  to b e  a n  a n a l yt i ca l e r ro r ( S ee F i g u re 1 8 ) . Wel l  F 
i s  a con t ro l  wel l a n d  · t h e  average con cen_t rat ion  i s  U .  06 mg/ 1 . T h e  
most _ commo n · fo rms of phos p h o r u s  a re o rg a n i c  p h os p horu s ,  
o rthop hos p h ates , a n d  . po l yp h os p h ates ( 2 ) . Most of t h e  tota l 
p h os p h o r u s  . of wa stewate r i n  Mad i son i s  o rt h o p h os p ho ru s  ( S ee 
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Ap r i l 1 986 w a s  o n l y  0 . 02 mg/ 1 , . a n d  the tota l phos p ho r u s 
con ce n t rat ion  wa s repo rted a s  0 . 3  mg/1 . T h es e  res u l ts  s u p po rt t h e  
con cept o f  a n  a n a l yt i ca l  e r ro r  fo r t h e  Ap r i l 1 986 s a m p l e . 
T h e  reported tota l or  o rt h o p h os p h o r u s  con ce n t rat ion s i n  
N ovembe r 1 986 a n d  J a n u a ry 1 987 wou l d  a p pea r to be i n  e r ro r .  -T h e  
o rthop hos p h o r u s  con ce n t rat ion  wa s h i g h e r  t h a n  t h e  tota l p h os ph o ru s 
co n cen trat ion at t h ese t i mes ex cept fo r Wel l C i n  J a n u a ry 1 987 . 
P h os p h o r u s  remova l  wa s very h i g h  fo r a l l  we l l s ,  98 . 4  per  cent 
i n  s ta b i l i zat ion  pon d  seepage a n d  99 . 7  per cen t  fo r 1 / P  b a s i n  s eepage 
b a s ed on 1 0  mg/ 1 p ho s p h o r u s  con centra.t ion  · in  · t h e  wa stewate r a p p l i �d 
( 9 ) . A maj o r  obj ect i ve of t h �  Ma di so n  l a n d  t reatm e n t  s ystem wa s to 
p rotect La ke Ma d i son
. 
f rom. p h os
.
p h o ru s  i n p ut of t h e  wa stewate r a n d  
t h i s  obj ect i ve h a s  been accom p l i s h ed .  
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T h e  p resent Mad i so n , South Da kota wa stewate r t reatment 
fac i l i ty wa s co n st r u cted a n d  i n i t i ated ope rat ion  ·i n  1 983 . T h e  fac i l i ty 
con s i sts of p ret reatment ( a e rated g r i t  c h a m b e r ) , p r i ma ry c l a r i f icat ion 
( c i rc u l a r  c l a r i f i e r) , a e rat ion bas i n  (ox i dat ion  d itc h ) ,  f i n a l  c l a r i f icat ion 
( c i rc u l a r  c l a r if i e r ) , 27 ac re storage ba s i n ,  i n f i l t rat ion  ba s i n s ,  a n d  
, a n a e robi c  d i g est ion . T h e  t nf i l t rat ion - pe rco l at i o n  ( 1 / P )  ba s i n.s we re the 
· f i rst s u c h  fac i l i t i es des i g n ed and b u i lt i n  South  · 'Da kota . As  a 
p reca u t i o n  a n d  i n  recog n it ion of . ·. t h e  u n p roven reco rd · of th i s  
t reatment p rocess  i n. South · . Dakota , t h e  Depa rtme � t  of Wate r a n d  
N atu ra l  Resou rces req u i red that t h e  1 / P  b a s i n s  p rod u ce a n  eff l u e nt 
t h at wou l d  n ot ex ceed the E PA ·P r i ma ry D r i n k i n g  Wate r Sta n d a rd s ,  
w h i c h  i n c l u des a l i m it of 1 0  mg/ 1 ·fo r . n it rate n i t rog e n . A l so ,  i n  
recog n it i o n  of t h e  potent i a l  impact o n  · t h e  g ro u n dwate r f rom th i s  
system , t h e  Depa rtment of Wate r a n d  N atu ra l Resou rces req u i red th at 
a · system of g ro u n dwate r mon i to r i n g  wel l s  be co n st r u cted a n d  
mo n ito red on . a · mo n t h l y o r  q u a rte r ly  ba s i s  b y  t h e  C i ty of Ma d i son . , 
T h e  res u l t of th.i s mo n i to r i n g  i n d i cated t h at t h e  fo l l ow i n g 
q u est i o n s  rema i n : 1 )  How does t h e  1 / P  system affect t h e  s u r ro u n d i n g  
g rou n dwater? 2 )  What  oth e r  facto rs affect t h e  g ro u n dwate r q u a l i ty at 
t h e  1 / P  b a s i n s ? a n d  3 )  How ca n the  1 / P  b a s i n s  be ·op e rated i n  a 
ma n n e r  t h at w i l l  opt i m i ze the  t reatment a n d · remova l of n i t rate? 
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To reso l ve t h e  above p rob l ems , i t  wa s p roposed to 1 )  
Com p l ete a rev i ew of t h e  data a n d i n fo rmat i o n  w h i c h  wa s ava i l a b l e  
a n d d ete rm i n e w h at a d d i t i o n a l  data a n d i nfo rmat ion  i s  n eeded , 2 )  
Eva l u ate t h e e x i st i n g  d ata b y  mea n s  of g ra p h i ca l  co:r re l at io n s ,  p lots 
a n d oth e r  rel at i o n s h i ps w i th comp ute r  a p p l i cat ion s of water l eve l s a n d 
q u a l i ty data at t h e  wel l s ,  a n d · 3 )  Dete rm i. n e  w h at fa cto rs  ot h e r  t h a n  
t h e  Mad i so n  1 / P  b a s i n s  may b e  advers e l y  ·affect i n g  t h e  .mo n i to r i n g · 
res u lts of t h e  Mad i so n  g ro u n dwate r mon i to r i n g  we l l s . 
T h e  a va i l a b l e  g ro u n dwate r q u a l i ty data revea l ed t h at Wel l A ;  
· We l l  B ,  a n d Wel l  F h a d com pa rat i ve l y low co n ce n t iat ion s of most . ; 
con st i t u e n ts a n d co u l d p r-oba b l y  be co n s i d e red co n t rol  we l l s  (r1 ot 
i nf l u e n ced by wa ste\_Vate r ) . · we J I  C wa s located dow n - g rad i en t  w i t h  
res pect to g rou n dwate r l evel s from t h e  Mad i son · s to ra g e  po n d ; a n d 
Wel l D a n d We l l  E were down - g rad i e n t  from t h e  1 / P  ba
.
s i n s . T h e  FWS 
Wel l wa s i n f l u en ced by g rou n dwate r seepa g e  f rom t h e  Mad i son 
sta b i l i zat ion  po n d . 
T h e re a re h i g h  c h l o r i d e  co n ce n t rat io n s  i n  We l l · C ,  We l l  D ,  We l l  
E ,  a n d  t h e  FWS We H ,  a n d  low ch l o r i de co n ce n t rat i o n s· i n  We l l  A ,  Wel l  
B ,  a n d  We l l  F .- F rom t h e  g rou n dwater co ntou r ma p ,  We l l  C a n d t h e  
FWS Wel l  h a ve rece i ved . wa stewate r from t h e  sta b i l i zat io n  po n d , a n d 
We l l E a n d  We l l  F h a ve recei ved wastewate r from 1 / P  ba s i n s .  
T h e  a p p ro x i mate t i me l a g  of g ro u n dwate r f l ow f rom We l l B to 
Wel l  E i s 1 0  mo n t h s .  We l l  B a n d We l l  E seem to be s i m i l a r i n  n i t rate 
w i t h  t i me adva n ce i n  We l l  B .  A dep res s io n  a rea a n d  fa rms n o rt h  a n d 
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n o rt h east  of Wel l B may be cont r i b ut i n·g n i t rate to t h e  a rea of the  1 / P  
ba s i n s . 
F rom ch Ior i  d e  co n centrat i o n  g ra p h s  of t h e  co n t ro l  wel l s ,  t h e  
c_o n t rol  wel l s  a re s im i l a r i n  ch lo r i d e ,  es pec i a l l y We l l A a n d We l l  F a re 
ve ry s i m i l a r .  Even i f  Wel l  B i s  a con t ro l  we l l ,  t h e  ch l o r i d e  
con ce n t rat ion of Wel l B i n  t h e  s u mme r _may b e  re l at ive l y h i g h . 
(40mg/ l ) . C h l o r i d e  con centration s i n  dow n s t rea m wel l s  ( C ,  D ,  a n d  E) 
a re s i g n i f i ca n t l y d iffe rent  a n d h i g h . Es pec i a l l y ,  ea r l y  s am p l es at Wel l 
D ,  before t h e  1 / P  sy stem was i n sta l l ed , _ wa s ve ry h i g h · s u ggest i n g  
t h at g ro u n d wate r i n  t h at a rea wa s i n fl u en ced by t h e  sta b i l i zat ion · · 
pon d . . . 
T h e re h a ve bee n  h i g h  n i t rate co n cent rat ion s i n  Wel l D a n d  We l l  
E .  T h e  h i g h est co n ce n t rat ion of n i t rate i s  1 9  mg/ 1  i n  We l l  E a n d  16 
mg/ 1 i n  We l l  D .  We l l  C wa s located down - g ra d i en t  w i t h  res pect to 
g ro u n dwater l eve l s  f rom t h e  Mad i son sta b i l i zat ion  po n d . However ,  t h e  
n i t rate co n ce n t rat ion  i n  Wel l  C i s  very low com pa red to a n y  of t h e  
ot h e r  we l l s  b u t  t h e  ammon i a  con centrat i o n  i s  com p a ra t i v e l y  h i g h . 
F rom , c h l o r i d e  a n d  n i t rate con ce ntrat ion g ra p h s ,  Wel l E s h ows 
both · . h i g h  c h lor tde  ( to 350 mg/ 1 ) and n i t rate ( to 19 mg/ 1 )  
co n centrat i.o n . However , Wel l  B s h ows a v e ry l ow c h l o r i de  
con centrat ion  b u t  a s u b sta nt i a l  n i t rate co n ce n t rat ion ( 8  mg/ 1 ) . We l l  B 
co u l d not rece ive  a n  a p p reci a b l e  amo u nts of wastewate r f rom t h e  1 / P_ 
ba s i n s . 
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I n  rev i ew of t h e  data , i t  wa s ob s e rv ed t h at w h en t h e  
g ro u n dwate r l eve l  wa s h i g h , t h e  n it rate con ce n t ra t i o n  i n  We l l  B was 
l ow . T h i s  re l at i o n s h i p between the  e l evat ion of g ro u n dwate r · a n d  t h e  
top of t h e s c ree n s u gg ests that  the  wate r w i t h  h i g h · n i t rate m a y  not 
b e  s a mp l ed u n d e r  some co n d i t ion s .  
Wa stewate r wa s n ot a p p l i ed to t h e  1 / P  b a s i n  d u r i n g t h e  per iod , . 
May 25 to A u g u st 1 7  1 985 . - I n  th i s  per iod , n i t rate con ce n t rat ion s i n  
We l l  D a n d  We l l  E we re very h i g h  ( 1 6  mg/ 1 )  o r  h i g h e r .  
T h e  a mmon i a  con ce n t rat ion of Wel l C h a s  bee n h_ i g h e r  t h a n  .a n y  
oth e r  wel l b u t  t h e  ammon i a  co n centrat ion  dec rea s ed i n . t h e  l a st 
s a m p l e . I t  wa s obse rved d u �i n g _ _ a rece n t  s i te . . v i s i t  t h a t t h e  sto ra ge 
po n d  n o  lon. g e r  co nta i n s  wastewate r a n d  th i s  co n d i t i o n  wo u l d te n d  to 
red u ce ammo n i a  l eve l s at We l l  C .  
Wel l D a n d  Wel l  E s h ow very · low ammon i a  co n ce n t rat i o n , t h e  
s ame a s  t h e  con t ro l  we l l s . Howeve r ,  ea r l y  samp l es at We l l  D befo re 
t h e  1 / P  sy stem wa s i n sta l l ed , we re h i g h .e r th a n  afte r t h e  1 / P  sy stem 
was  p u t. on l i n e .  
P h os p h o ru s  remova l h a s  been very effect i ve i n  t h at t h e  
w-a s tewate r - i n f l u e n ced w.e l l s  ( D  a n d  E )  h a v e  v e ry low p h os p h o r u s  
con ce n t rat i o n s w h i c h  a re compa ra b l e to l eve l s i n  t h e  co n t ro l  we l l s . 
T h e  p h os p h o r u s  co n centrat i o n  i n  We l l  C was h i g h e r  t h a n  i n  a n y of 
t h e  oth e r  wel l s . Wel l C rece i ves wa stewate r ·  f rom· t h e  M ad i son 
s ta b i l i zat i o n  pond t h at h a s  been u s ed fo r 20 yea rs . H oweve r , t h e  1 / P  
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bas i n s  we re con s t ru cted i n  1 983 . 
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CON C LU S I O N S  
Eva l u at i o n  of g rou n dwate r mon i to ri n g  data a t  t h e  Mad i son 
i n f i l t rat i o n - p e rco l at ion  ( 1 / P )  system l ed to t h e  fo l l ow i n g  co n c l u s ion s : 
1 .  T h e  c h l o r i de co n centrat ion of con t rol  �el l s  ( We l l  A ,  
Wel l B ,  a n d  We l l  F )  i s  p-roba b l y from t h e  s a me sou rce . 
T h i s  sou rce m i g h t s p rea d n o rt h  of t h e  sta b i l i zat ion  
pon d  a n d  1 / P  ba s i n s . · 
2 .  We l l  B a p pea rs to have rece i ved a sma l l  amou n t  of 
w a s tewate r from t h e  1 / P  bas i n s  i n  t h e  s u mm e r . 
3 .  Ea r l y s a m p l es �t wel l  D ,  · b-efo re t h e  1 / P  s y s tem wa s 
i n sta l l ed , demo n st rate t h at Wel l D wa s def i n-i tel y 
i n f l u e n ced by stab i l i zat ion  pond l ea kage . Afte r t h e  
1 / P  sys tem wa s p l aced i n- ope rat ion , We l l  D p roba b l y  
rece i ved l i tt l e  wa stew�te r  d i rect l y  f rom t h e  
sta b i  I i zat ion  po n d . 
4 .  T h e  low n i t rate con centrat ion  at We l l  C wa s 
p roba b l y the res u lt of the · bottom of t h e  
stab i l i zat ion  pon d  be i n g  i n  a n  a n aerob i c  co n d i t i o n  so 
that  n i t r i f i cat ion  d id not occ u r .  
5 .  I t  i s  a s s u med t h at t h e re i s  a n it rate s o u rce ot h e r  
t h a n t h e  1 / P  b a s i n  i nf l u e n c i n g  We l l  B .  T h e re i s  t h e  
l a n d  dep res s i on at a bo u t  1 /4 m i l e  n o rth · ea st o f  t h e  
1 / P  ba s i n s . I t  i s  be l i eved t h at s u rface wate r a ro u n d  
the  l a n d  dep re s s ion  r_u n s  i n to th i s  locat i o n . 
Wh e n  t h i s  s u rface wate r pe rco l ates to t h e  g ro u n dwate r 
leve l , t h i s  g ro u n dwate r f lows towa rd La ke M a d i son 
p robab l y  pa st We l l  B and Wel l  E .  A l so ,  th e re a re fa rms 
a bo u t  1 /2 m i l e  n o rt h  a n d  n o rth ea st of t h e  1 / P  b a s i n s . 
T h i s  l a n d  dep res s ion a n d  fa rm wa ste . may b e  a sou rce 
of n it rate co n centrat ion at We l l  B .  
6 .  Even i f  t h e  same n i t rate con centrat ion i s  a ro u n d  t h e  
wel l ,  mea s u red va l u es of n i trate i n  s a m p l e s  m i g h t b e  
d iffe re n t  w i th c h a n g i n g g rou n dwate r ·e l evat i o n  i f  t h e  
7.  
top of  t h e  s c reen i s  severa l feet be low t h e g ro u n d -
wate r e l evat ion . 
D u r i n g t h e  pe r i od w h en wa stewate r was  n ot a p p l i ed to 
t h e  1 / P  ba s i n s ,  h i g h  n i t rate co n c e n t ra t i o n  . wa s  
fou n d  i n  We l l  D a n d  We l l E dow n st ream f rom t h e  1 / P  
ba s i n s . I t  i s  a s s u med t h at ammo n i a. · i n  t h e  wa stew ate r 
wa s reta i n ed i n  t h e  top of so i l . T h i s  top so i l wo u l d  
become wel l a e rated w i thout  wastewate r so - t h a t  
n it r if i cat ion  wou l d  h a ve occ u r red b ut d e n  i t r i f i cafi o n  
wo u l d n ot - h a ve occ u r red . When  wa stewate r a pp l i ca t i o n s 
res u m ed ,  h i g h  n i t rate i n  the  top so i l p roba b l y  moved 
to Wel l  .D a n d  We l l  E d u ri n g t h i s  per iod a n d  s h o rt l y  
afte r .  
8 .  T h e h i g h  ammo n i a  co n ce n t rat ion of We l l  B a n d  We l l  F 
afte r Ap r i l 1 986 m i g h t  b e  t h e  ·res u l t of t h e  
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con s t r u ct ion  of t h e  n ew 1 / P  bas i n  fo r t h e  La ke 
Ma d i son S a n i ta ry D i st r i ct ea st of t h e  Mad i son  1 / P  
ba s i n s . 
9. Soi l be low t h e  o l d  sta b i l i zat ion pon d  i s  p ro ba b l y  
mo re satu rated i n  p h os p ho ru s th a n  t h e  1 / P  b a s i n s b u t  
p h os p ho ru s remova l  b y  the so i l  i s  st i l l . v e ry 
eff i c i en t . 
1 0. A maj o r  obj ect i ve of th e Ma d i son l a n d  · t reatment 
system wa s to p rotect La ke Mad i son f roni p hosp h o r u s  
i n p u t  of t h e  wa stewate r a n d  th i s  obj ect i v e  h a s  been 
accom p l i s h ed . 
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R ECOMME N DAT I O N S  
Mon i to r i n g  of p rocesses ( s u c h  a s  wa stewa�e r p ret reatment) a n d  
t h e  en v i ro n ment ( s u c h  a s  g rou n dwate r q u a l i ty )  a re n eces s a ry to 
obta i n  i nfo rmat i o n  fo r futu re dec i s i o n s a n d to demo n st rate t h at a 
s pec i f i ed res u lt h a s  occu r red . B eca u se mo n i to r i· n g  i s  . cost l y ,  t h e  
ben ef i ts s h o u l d  e x ceed t h e  cost ; T h e  p roposed recommen dat ion s a re 
offe red to ma x i m i ze t h e· va l u e of t h e  mo n i to r i n g  p roces s w h i l e 
m i n i m i z i n g  mon i to r i n g  costs . 
T h i s  eva l u at ion  of g rou n dwa.te r mon i to r i.n g  data revea l ed t h at 
g rou n dwate r n ea.r t h e  Mad i son i n f i l t rat ion - pe rco l at i o n  ( 1 / P )  bas i n s  h a s  
bee n deg ra ded by
. 
i n c rea sed n it rate . Recomm e n d atio n s fo r futu re 
study a re a s  fol lows : 
1 .  T h e  mon ito r i n g  s hou ld a l so p rov i de add i t i o n a l  q u a l i ty 
d ata fo r t h e  i nf l u en t  to t h e  1 / P  b a s i n s . I nf l u e n t  to 
t h e  b a s i n s  s ho u l d  a l so be mea s u red fo r kj e l da h l  
n it rogen , tota l p h os p ho r u s ,  c h l o r i d e ,  a n d  
con d u ct i v ity o n  a per iod i c  ba s i s . T h es e  data wou l d  
a l low a p p ra i s a l  of .pe rcent remova l  of n i t rog en a n d 
p hos p h o r u s a n d  res u l t i n g  d i l ut ion  of wa stewater w i t h  
g ro u n dwate r . 
2 .  C h l o r i d e ,  con d u cti v ity ,  
s u l fa te a n d  sod i um a re a l l  
tota l d i s so.l v ed · sol  i d s , 
s u b sta nt i a l l y h i g h e r  i n  
those wel l s  i n f l u en ced by wa stewate r .  Con s eq u e n t l y , 
i t  i s  recommended t h at some of th ese co n st i t u ents  be 
l es s  f req u e nt l y  dete rm i n ed o r  be e l i m i n ated e n ti re l y  
f rom t h e  rout i n e  g rou n dwate r mon i to r i n g  p rog ram . 
Pote n t i a l  ca n d i dates fo r e l i m i n at ion  a re sod i u m ,  
a n d  s u l fate . 
3 .  O rt h op h os p ho ru s wou l d be i n c l u d ed 
p h os p h o r u s  d ete rm i nat ion s a n d t h ese 
i n  a l l  
va l u es 
tota l 
i n  t � e  
g ro u n dwate r a re a l l  v e ry low . I t  i s  recomme n d ed t h at 
t h e  o rt h o p hos p h o ru s dete rm i n at ion  be e l i m i n ated . · .f rom 
t h e  mon i to r i n g  p rog ram i mmed i ate l y . 
4 .  H i g h - n i t rate wate r I S . n e.a. r  . t h e  s u rface
. 
of t h e  
g ro u n dwate r a n d  i s  p roba b l y  mov i n g : f rom t h e  l a n d  
dep res s i o n  a n d  fa rms towa rds Wel l B .  Wh en ·g ro u n d wate r 
l eve l  i s  . h i g h ,  t h i s  h i g h - n i t rate wate r m a y  b e  
s u b sta nt i a l l y a bove t h e  wel l screen ·. T h e  top of 
mon i to r i n g  we l l  s c ree n s  s ho u l d  be a bove t h e  g rou n d wate r 
e l evat ion . 
5 .  T h e  l a n d  d ep res s io n  a n d  fa rms n o rt h  a n d n o rt h ea st · of 
t h e  1 / P  ba s i n s  m i g h t  be a n i t rate sou rce . F u rt h e r 
eva l u at i o n  of t h ese a rea s i s  n eeded to eva l u ate i ts 
i mp a ct to t h e  n i t rate of t h e  g rou n dwate r . 
6 .  D u r i n g  t h e  p e r i od w h e n wa stewater wa s n ot a p p l i ed to 
t h e  1 / P  ba s i n s ,  t h e  top soi l wo u l d  be a e rated . T h i s . 
a e rob i c  co n d it ion  . i s  t h e  p roper e n v i ron m e n t  fo r 
5 1  
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n it r if i cat ion b u t not den i t r i f i cat ion . W h e n  
wa stewate r a p p l i cat i on s res u med , h i g h  n i t rate wa s 
fou n d i n  th i s  per iod a n d  s h o rt l y  afte r .  I t  i s  
recommended t h at t h e  1 / P  bas i n s  b e  u s ed co nt i n u o u s l y  
to estab l i s h  opti m u m  con d i t ion s fo r co n t i n u ed 
den it r if i cat ion to con t ro l  h i g h  · n it rate i n  
dow n st ream wa stewater- i m pacted wel l s  
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A P PEN D I C ES 
A P P EN D I X A 
N it rate Data 
Nitrat e  ( mg/ 1 )  dat a iecorded at we l ls for the ground -
water near the Madison S . D . inf i lt rat ion-perco l at ion 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Contr o l  We l l s  S . P . I / P  B as ins 
Date A B F c D E FWS 
6 / 1 0 / 8 3  1 0 . 3 3 2 . 33 4 . 1 6  0 . 5 3 . o· . -6 3  5 . 25 0 . 1 0 
7 / 2 7 / 8 3 10 . 7 0 4 . 80 4 . 80  0 . 40 ..• · ' 3 . 5 0 7 . 20 o : 4o· , 
9 / 14/ 8 3  1 0 . 80 4 . 90 3 . 2 0 0 . . 0 7  ·1 . 3 0  7 . ?0 ' 0 . 1 8 
1 1 / 1 6 / 83 5 . 30 5 . 30 3 . 1 0 1 > s o · 6 . 7 0 6 . 70 · 0_ . 2 7  
2/ 15 / 84 6 . 00 4 . 6 0 2 .  80 ' o : 45 3 . 10 6 . 30 0 . 1 9 
5 / 23 / 84 4 .  7 0  1 . 30 3 . 9 0 0 . 2 0 3 . 9 0 2 .  7 0  0 . 2 0 
8 / 3 0 / 84 4 . 00 3 . 10 4 .  7 0  1 . 10  4 . 00 2 . 6 0 . 1 . 90 
1 1 / 15 / 84 4 . 5 0 8 . 1 0 3 . 3 0 0 . 3 0 2 .  7 0  12 . 0 0 0 . 10 
2/ 2 7 / 85 3 . 3 0 0 . 9 0 1 3 . 9 0 13 . 1 0 2 . 30 
4/ 3 / 85 5 . 1 0 ' 1 . 0 0 3 . 00 0 . 6 0 13 . 5 0 4 . 5 0 0 . 9 0 
5 / 1 6 / 85 6 . 1 0 0 . 30 3 . 2 0 1 . 10  8 .  70  7 . 20 0 . 40 
7 / 25 / 85 2 . 7 0 4 . 6 0 2 . 9 0 0 . 40 1 6 . 0 0 16 . 00 1 . 8 0 
9 / 1 7 / 85 3 . 9 0 5 . 00 4 . 00 1 . 40 8 . 9 0 19 . 00 1 . 2 0 
10/ 1 6 / 85 3 . 8 0 8 . 10 4 . 6 0 0 . 60 7 . 2 0 16 . 80 
1 / 2 3 / 8 6  3 . 9 0 6 . 30 8 . 10  3 . 00 1 1 . 7 0  9 . 00 
4/ 22 / 86 3 . 40 0 . 5 0 2 . 00 2 . 6 0 5 . 9 0 6 . 30 
8 / 1 9 / 8 6  3 . 6 0 <0 . 1 0 ' 3 . 9 0 <0 . 10 4 . 80 7 . 5 0 
1 1 / 5 / 8 6 2 ." 00 1 . 00 1 . 00 <0 . 1 0 3 . 00 5 . 0 0 
1 / 12/ 8 7 ' 4 . 5 0 1 . 7 0 0 . 7 0  <0 . 1 0 4 . 60 5 . 0 0 
5 / 2 7 / 8 7  ' 2 . 3 0 0 .. 7 0  0 . 9 0 <0 . 1 0 3 . 40 2 . 5 0 
Mean 5 . 14 3 . 35 3 . 38 0 . 7 8 6 . 3 7 8 . 09 0 . 7 0 
STD 2 . 6. 7  2 . 60 . 1 . 64 0 . 8 2 4 . 4 1 4 . 8 1  0 . 7 1  
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A P P E N D I X B 
Ammon ia  Data 
Ammonia ( mg/ 1 )  dat a recorded at we l l s for the ground-
wate r  near the Madison S . D .  inf i l t rat ion -perco l at ion 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Cont ro l We l ls S . P . I / P  B as ins 
Dat e A B F c D E FWS 
6 / 1 0 / 8 3  <0 . 02  <0 . 02 <0 0 02 - 0 . 6 1 0 . 6 6 <0 . 0 2 < 0 . 02 
7 / 2 7 / 8 3 <0 . 02  <0 . 02 <0 . 02 0 .  37 . 0 . 3 1 <0 . 0 2 < 0 . 02 
9 / 14/ 8 3  0 . 02 <0 . 02 <0 . 02 1 . 1 0 . 54 <0 . 0 2 <0 . 02 
1 1 / 1 6 / 8 3  <0 . 02  <0 . 0 2 <0 . 02 0 . 04 0 . 0 3 <0 . 02 < 0 . 0 2 
2/ 1 5 / 84 < 0 . 0 2 <0 . 0 2 <0 :02  0 . 2 1 <0 . '02 <0 . 02 < 0 . 0 2 
5 / 2 3 / 84 0 . 0 3 0 . 0 2 <0 . 0 2 1 . 2  0 . 03 <0 . 02 < 0 . 0 2  
8/ 30/ 84 0 . 0 3 0 . 0 3 <0 . 0 1 2 . 40 0 . 04 0 . 03 0 . 2 1 
1 1 / 1 5 / 84 <0 . 0 1 <0 . 0 1 <0 . 0 1 2 . 40 .<b . 0 1  <0 . 0 1 < 0 . 0 1 
2 / 2 7 / 85 0 . 0 1 1 .  3()  • '  0 . 0 1 0 . 0 1 0 .  0 1 -
4/  3 / 85 <0 . 0 1 0 . 0 1 0 . 0 1 ·1. 8 0  <0 . 0 1 o .. o z· 0 . 0 1 
5 / 1 6 / 85 <0 . 0 1 <0 . 0 1 <0 . 0 1 1 � · 10  <0 . 0 1 <0 . 0 1 <0 . 0 1 
7 / 25 / 85 <0 . 0 1 <0 . 0 1 <0 . 0 1 0 . 8 3 0 . 29 <0 . 0 1 . < 0 . 0 1 
9 / 1 7 / 85 <0 . 0 1 <0 . 0 1 <0 . 0 1 1 . 6 7 <0 . 0 1 <0 . 0 1 ' <.0 . 0 1 
1 0 / 1 6 / 85 <0 . 0 1 <0 . 0 1 <0 . 0 1 2 . 1 7  <0 . 0 1 <0 . 0 1 
1 / 2 3 / 8 6  <0 . 0 1 0 . 04 ·o .  OS 2 . 6 0 0 . 0 6 0 . 0 7 
4/ 2 2 / 8 6  0 . 03 1 . 30 0 . 40 2 . 80 0 . 0 3 0 . 0 1 
8/ 1 9 / 86 <0 . 0 1 <0 . 0 1 1 . 10 4 . 80 <0 . 0 1 <0 . 0 1 
1 1/ 5 / 8 6  0 . 1 1  0 . 54 5 . 40 3 . 60 0 . 14 0 . 1 7 
1/ 1 2 / 8 7  <0 . 0 1 1 . 20 0 . 1 0 2 . 80 0 . 0 2 <0 . 0 1 
5 / 2 7 / 8 7  <0 . 0 2 1 . 9 0 0 . 3 7 <0 . 1 0 0 . 20 0 . 1 9  
Mean 0 . 0 2 0 . 2 7 0 . 3 8 1 . 7 0 0 . 12 0 . 03 0' . 0 3  
STD 0 . 0 2 0 . 5 6 1 . 2 1 1 . 26 0 . 19 0 . 05 0 .  os . 
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A P PE N D I X  C 
C h  Iori  de Data 
Ch loride ( mg/ 1 )  dat a recorded at we l ls for the ground - , 
wat e r  near the Madison S . D .  infiltrat ion-perco l at ion 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Contro l We l ls S . P . I / P  B as ins · 
Date A B F c D E FWS 
6 / 10/ 83  122  39  3 9  1 1 7 422 9 6  2 1 3  
7 / 2 7 / 83 6 0  7 . 5  10 1 13 4 18 3 5  240 
9 / 14/ 83  1 12 2 1  25 150  280  1 04 229  
1 1 / 1 6 / 8 3  3 0  8 . 7  1 7  169  1 1 3 65  2 0 8  
2/ 1 5 / 84 2 3  1 8  14 ' 1 7 0  140 82 2 3 0  
. 5 / 2 3 / 84 5 0  40 40 125 200 1 00 200  
B / 3 0 / 84 6 4 3 75 1 7 0  1 S O  2 6 0  
1 1 / 15 / 84 25 10 20 160  2 1 0 25 0 220  
2 / 2 7 / 8 5  5 1 6 0  290 . 3 0 0  2 7 0  
4 /  3 / 8 5  4 6 · 7 1 .5 0  280  3 5 0  2 9 0  
5 / 1 6 / 85 5 45 4 - 39 2 7 3  3 2 7  . 3.1 8  
7 / 25 / 85 7 5 5 · 140 280 2 9 0  3 15 
9 / 1 7 / 85 4 . 5 6 . 5  4 . 5 1 9 0  260 2 7 5  3 . 5* 
10/ 1 6 / 85 3 . 9 8 . '7 4 . 2  255 2 7 3  2 7 0  
1/ 2 3 / 8 6  4 9 5 320 325 340 
4 / 2 2 / 8 6  7 24 7 1 6 7  3 6 0  3 4 3  
8/ 1 9 / 8 6  5 40 7 149 · · 202 1 7 4  
1 1 / 5 / 86 6 10  6 2 0 1  2 14' 2 1 1  
1 / 12 / 8 7  6 8 6 200 1 9 0  2 1 0 
5 / 2 7 / 8 7  5 8 8 152 3 0 7  2 9 9  
Mean 25 . 6  1 6 . 8  1 1 . 8 1 60 260  2 14 23 1 
STD 3 6 . 2  1 3 . 9  1 1 . 1 5 9  83  1 0 5  7 9  
* Probab l e  er.ror ·by factor of 100 o r  350 mg/ 1 
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A P PE N D I X D 
Cond uctivity Data 
Conduct iv ity ( umho / cm)  data recorded at we l l s for 
the groundwat e r  n e a r  the Madison S . D .  infi lt rat ion · 
perco l at ion bas ins from June 1 9 83 to May 1 9 8 7  
Cont ro l We l l s S . P . I / P  B as ins 
Date A B F c D E FWS 
6 / 1 0 / 8 3  1 3 5 0  6 5 0  740 1 7 0 0  3 0 0 0  8.0 0  2 0 0 0  
7 / 2 7 / 8 3  1 3 0 0  6 6 0  7 30 1 7 00 3000 800  2200  
9 / 14/ 8 3  1400 6 9 0  7 8 0  1850  2300 1 10 0  2200  
1 1 / 1 6 / 8 3  1 2 0 0  6 9 0  9 30 2200 1400 1 1 0 0  2 0 0 0  
2/ 1 5 / 84 8 9 0  65 0 9 5 0  2 1 00 1 3 00 8 9 0  2000  
5 / 23 / 84 9 3 0  7 8 0  860 2200  2230 1 1 7 0  224:0 . 
8 / 3 0 / 84 740 7 1 0 9 1 0 1 9 0 0  2 0 0 0  1 15 0  
1 1 / 1 5 / 84 65 0 7 10 1 15 0  2000 · 2000  2200 1 9 00 
2 / 2 7 / 85 620 · 1 1 00 .' . 145 0  145 0 1 25 0  ' 
4/ 3 / 85 39 0 4 7 0  625 1 0 0 0  1420 1 6 25 1 3 0 0  
5 / 1 6 / 8 5  405 5 8 0  650  1 040 1400 1 5 25 · 14 7 5  
7 / 25 / 85 325 440 6 7 5  1250  145 0 15 5 0  1 5 0 0  
9 / 1 7 / 85 365 445 5 25 18 10  1400 15 9 0  1 6 0 0  
1 0 / 1 6 / 85 3 7 5  4 10 6 7 5 1650  1425 1600  
1 / 23 / 8 6 365 380 6 1 0 14 75  15 10 1 5 7 5  
4/22/86  445 5 1 0 5 5 0  1325 1620 1 6 25 
8/ 1 9 / 86 380 5 5 0  6 1 0 1 3 7 0  . 1 3 5 0  1 25 0  
1 1 / 5 / 86 4 15 460 650 1400 14�5 135 0 
1 / 1 2 / 8 7  4 15 460 7 9 0  13 10  1400 15 1 0  
5 / 2 7 / 8 7  385 460 750 1225 1 6 00 15 9 0  
Mean 6 7 0  5 6 3  7 3 9  1580  1 7 34 1 3 7 3  1 8 05 
STD 386  1 24 156  384 5 25 342 3 6 1 · 
A P PEN D I X  E 
G roundwater E levation and E levation of th e Top of the Sc reen Data 
G roundwate r  E levation Data 
Groundwat e r  e l evat ion ( + 1600  ft ) dat a recorded ·at we l l s 
for the groundwate r  near the Madison S . D .  inf i l t r at ion ­
perco l at ion bas ins from June 1 9 8 3  to May 1 9 8 7  
Date 
6/ 1 0 / 8 3  
7 / 2 7 / 83 
9 / 14/ 8 3  
1 1/ 1 6 / 8 3  
2/ 15 / 84 
5 / 23 / 84 
8 / 3 0 / 84 
1 1/ 15 / 84 
2 / 2 7 / 85 
4/ 3 / 85 
5 / 1 6 / 85 
7 / 25 / 85 
9 / 1 7 / 85 
1 0 / 1 6 / 8 5  
1 / 2 3 / 86 
4/22/86  
8/ 1 9 / 86 
1 1 / 5 / 8 6  
1 / 12/ 8 7  
5 / 2 7 / 8 7  
Cont ro l We l l s 
A 
3 2 . 2 8  
3 2 . 7 8 
32 . 3 4  
3 1 . 6 9 
32 . 1 6 
3 7 . 0 6 
3 7 . 84 
34 . 86 
3 2 . 9 6 
34 . 36 
35 . 0 1 
32 . 66 
3 1 . 65 
3 1 . 6 1 
30 . 7 4 
3 1 . 9 6 
36 . 1 1 
35 . 9 1  
34 . 2 1 
32 . 9 1 
B 
30 . 2 1 
29 . 9 8 
2 9 . 5 8 
30 . 30 
3 0 . 5 3 
35 . 62 
35 . 86 
3 1 . 5 3 
3 1 . 5 6 
33 . 64 
3 3 . 5 9 
29 . 5 8 
29 . 7 8 
30 . 1 1 
30 . 0 1 
34 . 24 
33 . 34 
34 . 2 1 
3 1 . 09 
32 . 49 
F 
4 . 5 4 
4 . · 4 1  
3 . 69 
3 . 5 9 
4 . 3 1  
5 . 49 
4 . 5 9 
4 .  0 7 . 
3 . 8 9 
5 . 09 
4 . 34 
3 . 5 2 
3 . 74 
3 . 49 
3 . 6 6 
6 . 0 7 
4 . 54 
5 . 14 
4 . 24 
4 . 3 2 
S . P . 
c 
14 . 22 
14 . .60 
13 . 02 
12 . 05 
13 . 42 
16 . 29 
15 .. '35 
14 . . 47 
12 . 7 8 
15 . 00 
14 . 5 8 
14 . 6 7 
14 . 1 2 
13 . 08 
12 . 9 3 
16 . 60 
14 . 9 3 
15 . 40 
13 . 75 
14 . 7 0 
I / P  B as ins 
D 
10 . 8 7 
1 1 . 14 
10 . 22 
10 . 1 9 
.1 1 . 4 7 
. 14 . 7 1 
1 3 . 8 0 
12 . 2 7 
1 1 . 02 
13 . 5 9 
12 . 8 1 
1 1 . 5 7 
1 1 . 85 
· 1 1 . 7 3  
10 . 9 1 
14 . 8 2 
13 . 7 2 
14 . 0 2 
1 1 . 9 7  
12 . 04 
E 
4 . 9 7 
4 . 9 8 
4 . 3 2 
4 . 7 1  
5' . 7 7  
7 . 5 2 
7 .. 1 0  
6 . 3 1  
5 . 6 2 
7 . 04 ' 
6 . 5 2 
4 . 9 7  
4 . 7 5 
5 . 49 
5 . 35 
7 . 3 7 
6 . 9 7 
7 . 4 7 
6 . 32 
6 .  1 7  
Mean 3 3". 5 6  3 1 . 86  4 .  34 14 . 30 12 ·. 24 5 .  9 9  
STD 2 . 0 0 - 2 . 08 0 . 69 1 . 18 1 . 43 1 . 0 3 
E levation of the Top of th e Sc reen 
We l l  A B F C D E 
E l evat ion 34 . 3 0 30 . 03  4 . 0 1  13 . 9 5 1 1 . 8 7 3 . 04 
( + 1 6 0 0  ft)  
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A P P E N D I X F 
pH Data 
pH data recorded at we l l s for the groundwat er near the 
Madison S . D .  inf i lt rat ion-perco l at ion bas ins from June 
1 9 8 3  to May 1 9 8 7  
Cont ro l We l ls S . P . I / P  Bas ins 
Date A B F c D E FWS 
6 / 1 0 / 8 3  7 . 1 0 6 . 9 0 6 . 6o - 6 . 9 0 6 . 80 6 . 8 0 6 . 5 0 
7 / 2 7 / 8 3  7 . 20 7 . 30 6 . 80 7 .  20 . 7 . 00 6 . 9 0 7 . 5 0 
9 / 14 / 8 3  6 . 60 6 . 9 0 6 . 30 6 . 70 6 . 60 6 . 5 0 6 . 7 0 
1 1 / 1 6 / 8 3  7 . 00 7 . 0 1 6 . 24 6 . 75 6 . 85 6 � 5 2 7 . 16 
2 / 15 / 84 6 . 60 6 . 5 0 6 .. 0 0  6 . 40 6 . '30  6 . 20 . 6 . 9 0 
5 / 23 / 8 4  7 . 1 0 7 . 00 5 . 80 6 . 80 6 . 40 6 . 20 7 . 30 
'8 / 3 0 / 84 6 . 60 6 . 7 0 6 . 30 6 . 5 0 6 . 30 6 . 3 6 
1 1 / 15 / 84 7 . 40 7 . 40 7 . 40 7 . 30 7 . 30 7 . 40 7 . 5 0 
4. / 2 7 / 85 6 . 00 6 . 5 Q . · 5 . 9 0 5 . 9 0 6 .  O O - · 
4/ 3 / 85 6 . 5 0 6 .  7 0 . 6 . 7 0 ·6. . . 9 0. 6 . 40 6 � 7 0 6 . 7 0 
5 / 1 6 / 85 7 .  8 0  . 7 . 7 0 7 .  00 . 7" � 1 0  7 . 5 0 7 . 40 ? . 5 0 
7 / 25 / 85 7 . 60 7 . 5 0 7 . 0 0 7 . 3 0 7 . 40 7 . 3 0 7 . 3 0 
9 / 1 7 / 85 7 . 40 7 . 40 7 . 1 0 7 . 3 0 7 . 30 7 . 2 0 ' .7 . 3 0 
1 0 / 1 6 / 85 7 . 20 7 . 1 0 6 . 9 0 7 . 00 7 . 00 7 . 1 0 
1 / 2 3 / 86 7 . 3 0 7 . 20 7 . 3 0 7 . 3 0 7 . 30 7 . 20 
4 / 2 2 / 8 6  7 . 2 0 7 . 20 7 . 1 0 6 . 8 0 6 . 9 0 7 . 10 
8 / 1 9 / 86 7 . 5 0 · 7 . 40 7 . 40 6 . 9 5 7 . 10 7 . 30 
1 1 / 5 / 8 6  7 . 3 0 7 . 30 7 . 40 7 . 10 7 . 10 7 . 20 
1 / 1 2 / 8 7  7 . 35 7 .  3 0' 7 . 15 7 . 10 7 . 15 7 . 2 1 
5 / 2 7 / 8 7  7 . 40 7 . 40 7 . 30 7 . 20 7 . 20 7 . 40 
Mean 7 . 1 7 7 . 15 6 . 7 9 6 . 9 6 6 . 89 6 . 8 9 7' . 03 
STD 0 . 3 6 0 . 3 1 0 . 5 2 0 . 29 0 . 44 0 . 47 0 . 4 7 
6 1  
A P PE N D I X G 
Sod i um Data 
Sodium ( mg/ 1 )  dat a recorded at we l l s for the ground -
wat er near the Madison S . D .  infi lt rat ion -pe rco l at 1on 
bas ins from June 1 9 8 3 to May 1 9 8 7  
Control  We l ls S . P . I /P Bas ins· 
Date A B F c D E FWS 
6 / 1 0 / 8 3  7 0  7 10 90 260 2 1  1 7 0  
7 / 2 7 / 8 3  65 10 10 124 305 24 205 
9 / 14/ 8 3  6 5  1 0  8 1 5 0  240 3 0  2 0 0  
1 1 / 1 6 / 8 3  1 0 1  5 0  100  162  166 30  1 9 0  
2/ 15 / 84 9 0  1 1  14 1 7 0  6 0  1 8  . 1 8 0  
5 / 2 3 / 84 9 0  1 6  1 7  180  40  25 225 . 
8 / 3 0 / 84 8 0  1 0  20 1 7 0  9 0  .8 0  2 0 0  
1 1 / 15 / 84 45 1 6  35 1 7 0  . 140 too 1 9 0  
2 / 2 7 / 85 24 . 180 . 1 9 0  1 5 0  1 7 0  
4/  3 / 85 45 3 5 " 42 140 140 160  1 8 0  
5 / 1 6 / 85 2 7  1 6  3 3  1 5 6  156  168  . 200_ 
7 / 25 / 85 3 5  1 5  33  . 150  1 84 1 9 5  1 8 8  
9 / 1 7 / 85 3 0  1 0  2 9  165 1 8 0  205  1 9 0  
1 0 / 16 / 85 2 9  8 2 1  1 8 8  1 80 2 14 . 
1 / 23 / 86 2 9  1 5  30  165  1 80 1 9 0  
4 / 22 / 8 6  2 8  9 13  190  300 280 
8 / 1 9 / 86 2 1  8 10 . 163 1 9 3  1 3 9  
1 1 / 5 / 86 20 . 1 6 . 5  9 . 5  146 1 7 6 1 3 8  
1/ 1 2 / 8 7  2 3  1 1  12 1 8 0  240 195  
5 / 2 7 / 8 7  1 9 . 5  1 2 . 8  16 . 3  18 1 227  25 3 
Mean 48 15  24 16 1 182 1 3 1 1 '9 2  
STD 2 7  1 1  2 1  24 70 84 ).5 
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A P P E N D I X H 
S u lfate Data 
Sul fat e  (mg/ 1 )  data recorded at we l l s for the groundwat e r  
near the Madison S . D .  infi ltrat ion -perco l at ion b as ins from 
June 1 9 8 3  to May 19 8 7  
Cont ro l We l ls S . P . I / P  B as ins 
Date A B F c D E FWS 
6 / 1 0 / 8 3  7 4  7 2  7 2  128  1 7 0  . 65 1 3 2  
7 / 2 7 / 83 48 44 48  1 5 0  240 44 1 2 3  
9 / 14/ 8 3  6 0  6 1  6 1  1 25 8 0  7 0  1 25 
1 1/ 1 6 / 83 70  65 0* 6 7  1 7 0  85  85  80  
2 / 15 / 84 1 8  63  1 3' 220 40 30  140  
5 / 23 / 84 15  40  32  160 160 85  1 20 
B / 3 0 / 84 7 0  1 7 0  1 7 0  ' 420 450 2,8 0  4 2 0  
1 1 / 15 / 84 15  40 60 150 ' 165 160 1 0 0  
2 / 2 7 / 85 9 0  140 . ' 160  160  1 0 0  
4/ 3 / 85 9 220 ' 9 0  1 ,7 0  1 7 0  1 7.0  1 10 
5 / 1 6 / 85 24 6 8  1 0 0  15 0 160  1 5 8  ' 1 18 
7 / 25 / 85 14 33  73  146 1 1 2 1 3 1  9 3  
9 / 1 7 / 85 15  40 9 2  2 1 0 135  1 5 6  - 9 5  
10/ 1 6 / 85 1 6  4 1  1 1 3 25 3 15 0 1 7 0  ' 
1 / 2 3 / 86 5 7  1 3 3  348 6 9 6  4 7 9  489 
4 / 2 2 / 86 5 5  1 6 8  1 3 8  6 0 6  474 444 
8 / 1 9 / 86 6 1  1 9 8  209 65 0- ' 5 6 0  4 8 0  
1 1/ 5 / 86 5 6  145 154 446 5 0 5  43 1 
1 / 1 2 / 8 7  45 143 302 5 32 4 7 8  4 8 0  
5 / 2 7 / 8 7  44 165 104 620 6 1 9 6 1 0 
Mean 403  1 3 1  1 1 7  3 0 7  2 7 0  235  1 35 
STD 2 3  140 8 6  2 0 7  1 8 8  1 8 2  8 7  
*Probab l e  error by factor of 10 or 65 mg/ 1 
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A P P EN D I X  I 
Temperatu re ( 0c )  D ata 
Temperature ( cc ) data recorded at we l ls for the ground-
wate r  near the Madison S . D . inf i ltrat ion-perco l at ion 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Contro l We l ls S . P .  I /P Bas ins . 
Dat e A B F c D E FWS 
6/ 1 0 / 8 3  1 1 . 8  10 . 8  8 . 4 - 9 . 4  1 1 . 5  9 . 0  1 7 . 0  
7 / 2 7 / 83 1 1 . 2 1 1 . 0  8 . 0 1 3 . 2  1 1 . 0  1i . 9  1 0 . 3  
9 / 14/ 83  9 . 7 9 . 0  7 . 7 1 1 . 1 1 0 . 3  1 1 . 0  1 0 . 2  
1 1/ 1 6 / 8 3  8 . 9  7 . 8  7 . 6  1 0 . 3  9 . 6 1 1 . 1  9 . 1 
2/ 15 / 84 1 0 . 2  8 . 0  7 . 5  8 . 0 9 . 1 7 . 8  9 . 8  
5 / 2 3 / 84 1 0 . 6  9 . 1 6 . 1 7 . 5  8 . 8 · 7 . 4  1 0  . . 2 
8 / 3 0 / 84 1 1 . 4  10 . 4  9 . 3  1 3 . 1 1 0 . 5  1 1 . 2  
1 1 / 1 5 / 84 . 1 0 . 4  8 . 0  8 . 6 9 . 4  8 . 7 7 · .. 1 9 . 2  
2/ 2 7 / 85 8 . 0 . 8 . 0  9 . 0  9 . 0  1 1 . 0 
4/  3 / 85 1 3 . 0  10 . 0  8 . 2 . 8 �  ·o 9 . 5  10 � 2  1 0 . 0  
5 / 1 6 / 85 1 1 . 5  10 . 0  1 0 . 0  8 . 5  9 . 5  1 1 . 0  1 0 . 5  
7 / 25 / 85 1 3 . 0  1 1 . 5  . 1 2 . 0  1 3 . 0  12 . 5  13 . 5  1 i . o  
9 / 1 7 / 85 1 1 . 5  1 1 . 0  1 2 . 0  14 . 0  12 . 0  14 .· 0 1 1 . 0  
1 0 / 1 6 / 85 1 0 . 0  9 . 5  1 0 . 2  1 3 . 0  1 1 . 0  12 . 8  
1 / 2 3 / 8 6  9 . 0  8 . 5  8 . 0  8 . 0  9 . 0  9 . 0  
4 / 2 2 / 8 6  1 0 . 0  9 . 0  8 . 5  8 . 5  9 . 5  9 . 5  
8/ 1 9 / 86 1 1 . 0  1 1 . 0  1 1 . 0 14 . 0  . 1 1 . 5  13 . 0  
1 1 / 5 / 86 1 2 . 0  10 . 0  1 0 . 5  1 2 . 5  10  . . 5 13 . 0  
1 / 1 2 / 8 7  1 1 . 5  9 . 8  1 0 . 5  1 0 . 0  1 0 � 0  12 . 0  
5 / 2 7 / 87 1 1 . 2  10 . 8  1 1 . 5  1 1 . 0 1 0 . 8  1 1 . 2  
Mean 1 0 . 9  9 . 8  9 . 2  1 0 . 5  1 0 . 2  10 . 8  1 0  .  9 
STD 1 . 2  1 . 2  1 . 7 2 . 3 1 . 1 2 .  1 2 . 1 
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A P PEN D I X J 
Tota l D i s solved Sol i d s  Data 
Tot al  D is s o lved So l ids ( mg/ 1 )  dat a recorded at we l ls for 
the groundwat er near the Madison S . D .  inf i l t rat ion-
perco lat ion bas ins from June 1 9 8 3  to May 1 9 8 7  
Cont ro l  We l l s S . P . I / P  Bas ins 
Date A . B F c D E FWS 
6/ 1 0 / 8 3  7 3 8  454 472 9 3 7  1840 5 7 2 1 2 8 0  
7 / 2 7 / 8 3  7 9 0  5 00 5 5 0  1 2 10 1 9 3 0  6 0 0  1 3 8 0  
9 / 14/ 8 3  7 7 0  45 0 480 1200  1330  720  1 2 2 0  
1 1 / 1 6 / 8 3  1 0 0 0  6 9 0  8 10 1 6 5 0  1 1 7 0  9 8 0  1 4 7 0  
2/ 1 5 / 84 5 7 0  5 10 6 6 0  1 5 0 0  840 6 7 0 . 1400 
5 / 2 3 / 84 4 9 0  45 0 6 5 0  1300  1 7 00 1 2 0 0  1 5 00 
8/ 30/ 84 45 0 5 80 680  1200  1600  1200  1500  
1 1 / 1 5 / 84 3 7 0  5 2* 7 0 0  1 20 0  1 3 5 0  1 4 7 0  1 15 0  
2 / 2 7 / 85 830  13 0.0 1 7 00 1 8.0 0  1 25 0 '  
4 /  3 / 85 3 9 0  5 3 0  8 0 0  ' 12 00; 1 7 00 1 9 0 0  1 30 0  
5 / 1 6 / 8 5  4 0 0  7 7 0 . 885  1 1 80  1 7 80 1 9 5 0  1 5 0 0  
7 / 25 / 85 400 5 00 850  1300  1650  1 7 0 0  145 0 
9 / 1 7 / 85 390  520  875  1525 1 6 9 0  1 7 0 0  · 1 4 1 0  
1 0 / 1 6 / 85 385 5 5 5  895 1 8 7 0  1 7 00 1 7 60 . 
1 / 2 3 / 86 3 6 7  45 6 838 1943 1643 1 6 7 1 
4/ 22/ 8 6  445 6 8 0  6 6 0  1 6 3 0  1 9 0 0  1 7 0 0  
8/ 1 9 / 86 368  720  7 30 1480 1540 1 38 0  
1 1 / 5 / 8 6  3 8 2  5 1 0 6 74 149 3 1548 1 4 7 0  
1 / 1 2 / 8 7  3 7 1 4 7 5  8 7 2 1412  1465 1 5 1 1  
5 / 2 7 / 8 7  340 445 840 1 3 5 2  1 7 35 1 7 30  
Mean 49 6 5 1 9 7 38 1394  1 5 9 1 1 3 84 1 3 7 0  
STD 1 8 9  1 5 0  . 1 3 3  247 296  452 1 1 8' 
* Probab l e  er"ror by · factor of  10 or 520 mg/ 1 .  
A P PE N D I X  K 
Tota l P h osphorus Data 
Tota l  phosphorus ( mg/ 1 )  dat a recorded at we l ls for the 
groundwat e r  near the Madis on S . D . inf i ltrat ion-perco l at ion 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Dat e  
6/ 1 0 / 8 3  
7 / 2 7 / 8 3 
9 / 14/ 83  
1 1 / 1 6 / 8 3  
2/ 15 / 84 
5 / 2 3 / 84 
8 / 30/ 84 
1 1/ 15 / 84 
2/ 2 7 / 85 
4/ 3 / 85 
5 / 1 6 / 85 
7 / 25 / 85 
9 / 1 7 / 85 
1 0 / 1 6 / 85 
1 / 2 3 / 8 6  
4/ 22/ 86 
8/ 19 / 86 
1 1 / 5 / 86 
1/ 1 2 / 8 7  
5 / 2 7 / 8 7  
Mean 
STD 
Contro l We l ls 
A 
0 . 02 
0 . 02 
0 . 02 
0 . 06 
0 . 05 
0 . 0 3 
<0 . 0 1 
0 . 09 
0 . 0 2 
0 . 02 
0 . 0 2 
0 . 0 2 
0 . 0 3 
0 . 03 
0 . 0 2 
0 . 0 8 
0 . 04 
0 . 0 1 
0 . 02 
0 . 0 3 
0 . 0 2 
B 
0 . 04 
0 . 08 
0 . 0 7 
0 . 1 1  
0 . 06 
0 . 0 7 
0 . 02 
0 . 08 
0 . 02 
<0 . 02  
0 . 02 
0 . 02 
0 . 03 
0 . 04 
0 . 0 2 
<0 . 0 1 
0 . 05 
0 . 04 
0 . 03 
0 . 04 
0 . 03 
F 
0 . 18 -
0 . 05 
0 . 0 2 
0 . 0 6 
0 : 05 
0 . 1 3  
0 . 0 1 
0 . 0 8 
0 . 0 9 
0 . 0 3 
0 . 0 2 
0 . 02 
0 . 03 
0 . 04 
0 . 05 
0 . 30* 
< 0 . 0 1 
0 . 05 
0 . 05 
0 . 02 
0 . 0 6 
0 . 0 7 
S . P . 
c 
0 . 1 1  
0 . 1 3 . 
0 . 14 
0 . 1 7 
0 . 18 
0 . 3 3 
0 . 04 
0 . 1 6 
0 . 1 6 . 
· 0 .. 20  
0 � 14 
0 . 15 
0 . 1 6 
0 . 16 
0 . · 1 8  
0 . 15 
0 . 1 7 
0 . 15 
0 . 12 
0 . 14 
0 . 1 6 
0 . 05 
I / P  Bas ins 
D 
0 . 02 
0 . 0 9 
0 . 0 6 
0 . 0 2 
0 . 05 
0 . 0 7 
0 . 0 1 
·o . o5 
0 . 0 8 
0 . 0 2 
0 . 0 2 
0 . 02 
0 . 03 
0 . 03 
0 . 03 
0 . 02 
· <0 . 0 1 
0 . 03 
<0 . 0 1 
0 . 0 3 
0 . 04 
0 . 0 2 
E 
0 . 0 3 
0 . 0 8 
0 . 0 2 
0 . 06 
0 . 04 
0 . 04 
<0 . 0 1 
0 . 05 
0 . 08 
<0 � 0 1 
0 . 02 
o . . 02  
0 .  02 ' 
0 . 0 2 
0 . 03 
0 . 0 2 
<0 . 0 1 
0 . 0 3 
0 . 0 1 
0 . 03 
0 . 03 
0 . 02 
* Probab l �  e rror by factor o f  10  or 0 . 03 mg/ 1 
FWS 
0 . 0 3 
0 .  0 8  . 
0 .  0 3 . 
0 . 2 0 
0 . 0 6 
0 . 1 0  
o . -0 7  
0 . 0 7 
0 .  0 6-
0 . 04 
_0 . 0 9  
0 . 0 3 
. ·0 .  0 3  
0 . 0 3 
0 . 05 
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A P PE N D I X L 
O rth op hosphor u s  D ata 
Orthophos phorus ( mg/ 1 ) data recorded at we l ls for the 
groundwat e r  near the Madison S . D . inf i l t rat ion -perco l at �on 
bas ins from June 1 9 8 3  to May 1 9 8 7  
Cont ro l We l ls S . P . I / P  B as ins 
Dat e  A B F c D E FWS 
6 / 10/ 8 3  0 . 0 1 0 . 04 0 .  0 6 - 0 . 10 0 . 0 1 0 . 0 1 · < 0 . 0 1 
7 / 2 7 / 83 0 . 0 2 0 . 0 2 0 . 0 2 0 . 10 0 . 08 o .  o·1 0 . 0 2 
9 / 14/ 8 3  <0 . 0 1 0 . 02 0 . 02 0 . 0 9 <0 . 0 1 0 . 0 1  0 . 0 2 
1 1 / 1 6 / 8 3  < 0 . 0 1 0 . 0 1 0 . 0 3 0 . 0 1 0 . 0 1 0 . 0 6 0 . 14 
2/ 1 5 / 84 0 . 02 0 . 05 0 ;04 0 . 12 0 . 02 0 . 0 3- 0 . 04 
5 / 2 3 / 8 4  0 . 03 0 . 06 0 . 0 6 0 . 2 8 0 . 06 0 . 0 3 0 �· 96  
8 / 3 0 / 84 < 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2 <0 . 0 1 <0 . 0 1 0 . 05 
1 1 / 1 5/ 84 0 . 0 3 0 . 0 3 · o . o3 0 . 16 . 0 .  0 1  0 . 0 1  0 . 0 3 
2/ 2 7 / 85 0 . 02 0 . 1 � . 0 . 02 0 . 0 2 0 . 0 2 -
4/ 3 / 8 5  < 0 . 0 1 0 . 0 2 0 . 03 Q ,. 15 <0 . 0 1 <O .. O i  0 . 02 
5 / 1 6 / 8 5  0 . 0 1 0 . 0 2 0 . 0 1 o··: 1 3  0 . 02 0 . 0 1  . o .  02  
7 / 25 / 8 5  0 . 0 1 0 . 0 1 0 . 02 . . 0 . 13 <0 . 0 1 0 . 0 1  0 . 02 
9 / 1 7 / 85 0 . 0 2 0 . 0 2 0 . 02 0 . 13 0 . 02 o . o 2 · 0 . 0 2 
1 0 / 1 6 / 85 0 . 0 2 0 . 03 0 . 03 0 . 13 0 . 0 2 0 .  0 2 . 
1 / 2 3 / 8 6  0 . 02 0 . 0 2· 0 . 02 0 . 15 0 . 02 < 0 . 0 1 
4/ 22/ 8 6  0 . 02 0 . 0 2 0 . 02 0 . 13 0 . 0 2 <0 . 0 1 
8/ 1 9 / 86 <0 . 0 1 <0 . 0 1 <0 . 0 1 . . 0 . 14 <0 . 0 1 <0 . 0 1 
1 1/ 5 / 86 0 . 20 0 . 1 7 0 . 13 0 . 23 0 . 15 0 . 1 7  
1 / 12 / 8 7  0 . 0 1 0 . 1 1  0 . 06 0 . 1 1  0 . 05 0 . 05 
5 / 2 7 / 8 7  <0 . 0 1 0 . 0 3 <0 . 0 1 0 . 1 1  0 . 0 1 0 . 0 1 
Me an 0 . 03 0 . 04 0 . 03 0 . 1 3 0 . 0 3 0 . 0 3 o· . 0 3  
STD 0 . 04 0 . 04 0 . 03 0 . 0 6 0 . 0 3 0 . 04 0 . 05 
A P P EN D I X M 
I ron a n d  F l uor i de Data 
I ron Data 
I ron (mg/ 1 ) data recorded at we l ls for the grqundwat er 
near the Madison S . D .  inf i ltrat ion -perco lat ion bas ins from 
from June 1 9 8 3  to Apr i l  1 9 86 
Cont ro l We l ls 
Date 
6/ 1 0 / 8 3  
7 / 2 7 / 83 
9 / 14/ 83 
1 1 / 1 6 / 83 
5 / 2 3 / 84 
1 1 / 1 5 / 84 





<0 . 10 
0 . 1 0  
0 . 10 
0 . 10 
0 . 1 0 
0 . 1 0  
<0 . 1 0 
<0 . 0 1 
0 . 0 9 
0 . 0 3 
F l uor i de Data 
B 
0 .  1 3  
1 . 10 
0 . 20 
0 . 10 
0 . 20 
0 . 20 
0 . 10 
<0 . 1 0 
0 . 2 7 
0 . 34 
F 
0 . 1 1  
0 . 30 
0 � 1 0 
0 . 1 0 
0 . 1 0 
0 . 2 0 
0 . 1 0 
< 0 . 1 0. 
0 . 14 . 
0 . 0 7 
S . P . 
c 
0 . 12 
0 . 10 
0 . 20 
0 . 10 
0 . 10 
0 . 20 
0 . 10 
· o . 2o 
0 . 14 
0 . 05 
I / P  Bas ins 
D 
0 . 20 
0 . 1 0 
0 . 3 0 
0 . 1 0 
0 . 1 0 
0 . 1 0 
0 . 1 0 
0 . 1 0  
0 . 14 
0 . 0 7 
· E 
<0 . 10 
0 . 10 
0 . 10 
0 . 1 0 
0 . 1 0 
0 . 1 0 
0 . 1 0 
<0 � 1 0 
o :. 1o 
0 . 00 
FWS 
0 . 5 1  
0 . 20 
0 . 10  
o . � ,10  
0 . 1 0 
0 . 1 0 
0 .  1 0' 
0 . 1 7  
· o .  15  
F luoride ( mg/ 1 ) dat a .recorded at we l ls for the ground ­
water near the Mad is on S . D � inf i l t rat ion -pe rco l at ion 
bas ins from June 1 9 8 3  to Apr i l  1 9 8 6  
Date 
6/ 1 0 / 8 3  
7 / 2 7 / 8 3 -
9 / 14/ 8 3  
1 1 / 1 6 / 8 3  
5 / 2 3 / 84 
1 1/ 1 5 / 84 




Cont ro l We l ls 
A . 
0 . 5 0 
0 . 6 1 
0 . 40 
0 . 6 1 
0 . 6 1 
0 . 06 
0 . 7 0 
0 . 7 0 
0 . 5 2 
0 . 2 1 
0 . 42 
0 . 5 0  
0 . 28 
0 . 5 1 
0 . 1 2 
0 . 30 
0 . 40 
0 . 30 
p . 35 
0 . 1 3 
F 
0 . 40 
0 . 44 
· 0 .  3 7  
0 . 5 5 
0 . 49 
0 . 30 
0 . 2 0 
0 . 3 0 
0 . 3 9 
. 0 . 1 1  
S . P . 
c 
0 . 5 1 
0 .- 44 
0 . 43 
0 . 5 5 
0 . 4 1 
0 . 5 0 
0 .. 40 
0 . 40 
0 . 46 
0 . 06 
I / P Bas ins 
D 
0 . 42 
0 . 6 8 
0 . 4 1 
0 . 6 2 
0 . 6 1 
0 . 30 
0 . 30 
0 . 30 
0 . 46 
0 . 16 
E 
0 . 40 
0 . 6 7 
0 . 43 
0 . 5 3 
0 . 42 
0 . 5 0 
0 . 40 
0 . 5 0 
0 . 48 
0 . 09 
FWS 
0 . 4 1 
0 . 3 9 
0 . 2 1 
0 . 5 0 
0 . 36 
0 . 30 
0 . 20 
0 . 3 1 
0 . 09 
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A P PE N D I X N 
Potass i um a nd Tota l O rgan ic Ca rbon Data 
Potass i um Data 
Potas s ium ( mg/ 1 )  data recorded at we lls for the ground­
wat er near the Madison S . D .  inf i lt rat ion -perco l at ion 
bas ins from June 1 9 8 3  to Apr i l  1 9 8 6  
Dat e  
6 / 1 0 / 8 3  
7 / 2 7 / 8 3  
9 / 14/ 8 3  
1 1 / 1 6 / 8 3  
5 / 23/ 84 
1 1 / 15 / 84 
5 / 1 6 / 85 
4 / 2 2 / 8 6  
Mean 
STD 
Cont ro l We l l s 
A 
7 . 0  
4 . 9 
5 . 0  
5 . 0  
8 . 0 
6 . 0  
4 . 0 
2 . 0 
5 . 2  
1 . 8  
B 
4 . 6 
3 . 6 
3 . 0  
3 . 0  
7 . 0  
6 . 0 
6 . 0  
3 . 0  
4 . 5 
1 . 6 
Tota l O rga n ic Ca rbon Data 
F 
2 . 5  
2 . 6  
3 .' 0  
2 . 0 
5 . 0  
7 . 0  
5 . 0  
2 . 0  
3 . 6 
1 . 8 
S . P . 
c 
13 . 6  
15 . 5  
16 . 0  
1 7 . 0  
20 . 0  
2 1 . 0  
16 . 0. ' 
1 7 . 0 
1 7 . 0  
2 . 4  
I / P B as ins 
D 
1 8 . 4  
1 7 . 8  
1 2 . 0  
9 . 0  
6 . 0 
1 1 . 0  
10 . 0  
10 . 0  
1 1 . 8  
4 . 3 
E 
3 . 3 
2 . 5  
4 0 .  
20 . 0  
s . o 
1 2 . 0  
1 2 . 0  
10 . 0  · -
8 _. 6 
6 . 0 
FWS 
1 6 . 4  
14 . 7  
1 3 . a · 
1 0 . 0 . 
1 5 . 0  
1 6 . 0  
1 5 . 0  
1 4 . 3  
- 2 . 2 
Tota l  organic carbon ( mg/ 1 )  data recorded · at we l ls for 
the groundwat er near the Madison S . D .  inf i l t r at ion­
perco l at ion bas ins from June 1 9 8 3  to Apr i l  1 9 8 6  
Dat e 
6 / 1 0 / 8 3  
7 / 2 7 / 8 3 -
9 / 14/ 8 3  
1 1 / 1 6 / 8 3  
5 / 23 / 84 
1 1 / 15 / 84 
5 / 1 6 / 85 
4 / 2 2 / 8 6  
Mean 
STD 
Cont ro l We l ls 
A 
1 6 . 3  
< 0 . 1  
0 . 8 
4 . 3 
7 . · 1 
3 . 6 
3 . 4  
1 2 . 3  
6 . 0 
5 . 7 
1 0 ·. 2 
1 . 8  
2 . 6 
0 . 7 
7 . 4  
<0 . 1  
2 . 5  
9 . 5  
4 . 4 
4 . 0 
F 
1 7 . 1  
2 . 5  
14 . 8  
3 . 1 
10 . 1  
3 . 8  
1 . 0  
14 . 3  
8 . 3  
6 . 5  
S . P . 
c 
12 . 6  
3 .. 5 
3 . 8 
6 . 9 
8 . 0 
3 . 8 
4 . 0 
10 . 7  
6 . 7 
3 . 5  
I / P  Bas ins 
D 
1 1 . 9  
2 . 8 
2 . 8  
4 . 0  
6 . 1 
5 . 4  
3 . 2  
12 . 1  
6 . 0  
3 . 9  
E 
8 . 4  
2 . 8 
7 . 1 
6 . 3 
7 . 8  
18 . 0  
2 . 3  
1 1 . 4  
8 . 0  
5 . 0  
FWS 
14 . 3  
3 . 1 
1 0 . 1  
9 . 8  
6 . 6  
2 . 4 . 
1 . 1 
6 . 8  
4 . 9 
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